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FOREWORD 


The  main  objective  of  this  three-year  AFOSR/NL  program  has  been  to  determine  the 
surface  chemistry-driven  tribological  fundamentals  of  silicon  (Si)  and  polycrystalline  diamond 
(PCD)  as  bearing  materials  used  in  microelectromechanical  systems  (MEMS).  The  focus  is  on 
mitigating  the  high  friction-  and  wear  rate-induced  failures  of  Si  microelements  by  atomic-level 
lubrication  with  selected  surface  adsorbates,  and  by  the  replacement  of  Si  with  adsorbates-lubri- 
cated  PCD  as  the  preferred  MEMS  bearing  material.  The  secondary  objective  has  been  to  deter¬ 
mine  the  possibility  of  using  PCD  films  for  reinforcing  conventional  macromechanism  bearing  and 
gear  surfaces  for  a  variety  of  extreme-environment  engineering  applications,  where  low  friction 
and  ultralow  wear  are  required.  The  title  of  the  program  has  been  "Determination  of  the  Tribolo¬ 
gical  Fundamentals  of  Silicon  and  Diamond  for  Micro-  and  Macromechanism  Applications",  with  a 
start  date  of  01  November  1994.  This  Final  Report  covers  the  work  done  during  the  third  (and 
final)  year  of  the  present  program,  between  01  November  1996  and  31  October  1997. 
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fusion.  COF  reductions  are  indicated  either  by  a  temperature  range  or  a  discrete  value, 
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ons  ("drops"),  are  rounded  off  to  the  nearest  50°C.  The  re(de)construction  temperature 
peaks  that  follow  the  initial  COF  reductions  are  not  marked  by  arrows  to  avoid  con¬ 
fusion.  COF  reductions  are  indicated  either  by  a  temperature  range  or  a  discrete  value, 
when  the  drop  is  sharp.  All  temperature  peaks  are  indicated  by  a  single  value. 
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Centigrades  (°C)  with  Si(l  11)  in  dry  and  wet  Temperature  values  were  read  off 

the  indicated  illustrations,  as  guided  by  the  arrows  pointing  out  the  COF  reduction  regi¬ 
ons  ("drops"),  are  rounded  off  to  the  nearest  50°C.  The  re(de)construction  temperature 
peaks  that  follow  the  initial  COF  reductions  are  not  marked  by  arrows  to  avoid  co¬ 
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1 . 0  EXECUTIVE  SUMMARY 


SEM  tribometry  was  performed  with  (a)  various  Si  crystallinities  [Si(lOO),  Si(lll)  and 
poly-Si)],  and  (b)  polished,  mostly  C(100)-textured  and  acid-cleaned  polycrystalline  CVD 
diamond  films  [PCDc(ioo)]  heated  to  850°C  (Si)  or  950°C  (PCD)  then  cooled  to  room  temperature 
(RT).  The  initial  test  environment  was  ~  IxlO'^  Torr  moderate  vacuum  of  the  SEM  column  with 
-93%  water  vapor  in  its  residual  gas  environment,  followed  by  26  Pa  (0.  2  Torr)  total  pressure  of 
99.999%-pure  H2  (dry  PH2)  as  the  second  test  environment,  and  the  same  dry  Ph2  containing  -2.6 
Pa  (-0.02  Torr)  partial  pressure  of  water  vapor  (wet  PH2)  as  the  third  environment. 

The  data  indicate  that  both  H2  and  H2O  can  act  as  atomic  level  lubricants  for  Si  and 
PCDc(ioO).  but  only  from  gas-phase  dissociative  chemisorption  reactions  at  elevated  temperatures 
well  above  the  boiling  point  of  water.  The  most  effective  thermal  regions  for  reducing  both  the 
average  and  the  maximum  coefficient  of  friction  (COF  and  MAX.COF,  respectively)  are  near  the 
desorption  temperatures  of  the  dihydrides,  monohydrides,  the  -OH  moieties  and  the  most  stable 
oxygenated  surface  groups  (e.g.,  the  bridge  bonded  Si-O-Si  and  C-O-C).  The  wet  Ph2  was  par¬ 
ticularly  effective  in  reducing  the  wear  rate  (W)  of  the  various  Si  crystallinities  from  the  10" 
m^/N  m  range  found  both  in  moderate  vacuum  and  in  dry  Ph2  by  one  to  two  orders-of  magnitude. 

However,  this  reduction  occurs  only  at  low  Hertzian  stresses,  on  the  order  of  10  MPa  or  less.  At 
RT  only  (no  thermal  ramping)  and  under  the  high  starting  Hertz  stresses  of  near  430  MPa,  there 
was  essentially  no  difference  in  the  wear  rate  of  Si  in  either  dry  or  wet  Ph2-  In  contrast,  the  “W^of 

PCDc(ioO)  remained  at  or  below  -lO'^^  m^/N-m  in  any  and  all  test  environments  and  thermal  re¬ 
gions  at  loads  ranging  from  1.7  GPa  down  to  5  MPa,  with  COF  and  MAX.COF  values  below 
those  of  the  respective  Si  tests. 

The  three-year  program  has  conclusively  demonstrated  that  the  friction  of  wear  of  Si  and 
diamond  are  highly  dependent  on  the  temperature-  and  gas-phase-induced  dissociative  chemisorp¬ 
tion  of  hydrogen  and  water  vapor  passivating  the  sliding-and  heating-induced  dangling  bonds  on 
the  interacting  surfaces.  The  most  surprising  finding  has  been  that  a  low  partial  pressure  of  -0.02 
Torr  of  water  vapor  is  a  better  atomic  level  lubricant  than  its  dry  hydrogen  carrier.  The  results 
dispel  the  current  belief  that  water  is  harmful  under  all  conditions  to  Si  MEMS  surfaces  due  to 
"stiction"  effects,  and  reinforces  our  original  contention  the  PCD  is  a  far  better  MEMS  bearing 
material  than  Si. 
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2. 0  INTRODUCTION  AND  BACKGROUND 

As  shown  in  a  recently  presented  paper  now  in  press  [1]  (attached  here  as  an  APPENDIX), 
during  wide  temperature  range  SEM  tribometry  in  the  benign  atmospheric  environment  of  a  0.2 
Torr  partial  pressure  of  99.9999%-pure  hydrogen  gas  (PH2i  Matheson  Research  Purity,  typical 

water  content  <0.5  ppm;  actual  water  analysis  of  source  cylinder  content  <0.05  ppm  <  3.8x1 0'^ 
Torr  Ph20  in  760  Torr  =  1  atm.  of  the  hydrogen  gas),  the  COF  of  the  various  Si  crystallinities  was 

as  high  or  higher  than  in  vacuum,  and  significantly  higher  than  the  COF  of  the  PCDc{i00)-  How¬ 
ever,  there  was  a  remarkably  repeatable  reduction  in  COF  in  a  narrow  thermal  range  just  below  the 
desorption  temperature  of  hydrogen  (Fig.  1 ,  right  column,  see  arrows),  indicating  the  same  type  of 
heating-  and  sliding-catalyzed  dissociative  chemisorption  of  H2  previously  observed  with  PCD  [2] 
(Fig.  2,  right  column,  see  arrows). 

The  presence  of  this  chemisorptive  thermal-atmospheric  region  was  confirmed  by  slow- 
thermal-ramp  SEM  tribometry  both  with  Si  (Fig.  3)  and  polished  PCDc(ioO)  (Figs.  4  and  5). 
Unlike  PCD,  however,  deconstructed  (dangling)  Si  bonds  did  not  seem  to  react  with  H2  on  cool¬ 
ing,  leaving  the  COF  at  high  values  at  or  near  RT  (Fig.  1).  Only  the  Si(lOO)  appeared  to  benefit 
somewhat  from  Ph2  i^  terms  of  some  wear  rate  reduction.  The  other  crystallinities  exhibited 
essentially  the  same  wear  rates  in  vacuum  and  Ph2  on  thermal  ramping  to  850°C  (near 
m^/N  m,  ICH-times  higher  than  PCD),  although  the  wear  rates  were  reduced  during  testing  only  at 
RT  by  about  an  order-of-magnitude  or  more.  The  wear  rates  could  be  further  lowered  by  keeping 
COF  the  least  by  staying  within  the  temperature  range  of  the  tribocatalytic  thermal-atmospheric 
reaction  region. 

These  SEM  tribometer  results  agreed  with  the  reported  ability  of  molecular  hydrogen  to 
passivate  dangling  Si  bonds  on  heating.  As  more  thoroughly  described  in  [1],  an  early  1967  paper 
dealing  with  the  passivation  of  dangling  Si  bond  defects  at  the  Si/Si02  interface  demonstrated  that 
baking  in  H2  at  temperatures  between  1000°  and  1200  °C  negated  the  effects  of  electron  trapping  at 
the  interface.  A  patent  was  granted  along  the  same  lines  in  1979,  showing  that  passivation  could 
already  be  achieved  between  650°  and  950°C.  Since  then,  others  have  also  examined  this  method 
Si/Si02  trap  reduction  at  even  lower  temperatures.  For  example,  annealing  of  Si  solar  cells  in  H2 
at  300°C  already  significantly  improved  device  performance.  In  fact,  both  atomic  and  molecular 
hydrogen  passivated  the  dangling  bonds  at  the  grain  boundaries  of  poly-Si.  The  H2  deactivated  the 
free  radicals  during  elevated  temperature  annealing,  although  not  as  effectively  as  H. 


2 


Our  concept  of  using  water  vapor  as  an  atomic-level  lubricant  for  Si  began  to  germinate 
when  the  COF  data  generated  with  Si  ciystallinities  in  moderate  vacuum  were  compared  with  those 
obtained  in  Ph2-  The  starting  COF  of  the  high-wear-rate  pin/flat  speeimens  (i.e.,  those  exhibiting 

wear-induced  dangling  bonds  on  their  rubbing  surfaces)  always  seemed  to  be  lower  in  the  ~lxlO 
Torr  atmosphere  of  the  SEM  column  containing  93%  water  vapor  in  the  residual  gases  (Fig.  1,  left 
column)  than  the  same  type  of  specimens  tested  in  of  0.2  Torr  of  99,9999%  Ph2  (TiS* 
column).  In  addition,  retrospectively,  the  slight  but  perceptible  reduction  of  COF  at  the  onset  of 
heating  the  poly-Si  and  the  Si(lOO)  during  the  low-load  (15  g)  testing  in  the  same  type  of  moderate 
vacuum  (see  arrows  in  Fig.  1 ,  left  column),  and  the  equally  slight  but  also  quite  perceptible  reduc¬ 
tion  in  COF  of  the  polished  PCDc(ioO)  (see  arrows  in  Fig.  2,  left  column)  may  have  also  signalled 
the  presence  of  a  similar  "water-lubrication"  mechanism.  Not  having  been  sufficiently  clarified  at 
the  time,  the  slight  RT  COF  reduction  peaks  in  both  atmospheres  were  dismissed  as  typical  varia¬ 
tions  in  friction  not  attributable  to  any  particular  input  parameter.  As  will  be  shown  later  here  with 
a  larger  number  of  test  results,  the  residual  water  vapor  in  both  vacuum  and  in  99.9999%  Ph2  does 

leave  a  small  but  recurring  tribochemical  imprint  behind  at  RT  and  even  more  at  elevated  tempera¬ 
tures,  with  significantly  more  pronounced  signatures  on  heating  where  the  Ph2  contains  more 

water  vapor. 

In  spite  of  the  fact  that  the  MEMS  literature  is  awash  with  reports  of  the  harmful  effects  of 
either  ordered  molecular  layers  of  hydrogen-bonded  H2O  or  capillary  (bulk)  water  trapped  within 
the  exceedingly  small  clearances  of  Si  MEMS  moving  mechanieal  assemblies  (MM As),  the  validity 
of  employing  such  a  mechanism  for  lubricating  Si  MEMS-MMAs  with  some  water  under  certain 
conditions  was  further  strengthened  by  the  experimental  facts  that  (a)  heating  in  the  presence  of 
water  vapor  can  also  annihilate  Si  dangling  bonds  at  the  Si/Si02  interface  [1,3-5],  and  (b)  boiling 
in  water  alone,  in  the  absence  of  any  other  HF-  or  NHsF-type  rinsing  procedures,  can  completely 
hydrogenate  Si  surface  bonds  [6-9].  Tbe  advantageous  effects  of  water  on  the  tribological 
properties  of  diamond  have  already  been  known  for  some  time  [10-15],  in  agreement  with  the 
results  of  SEM  tribometry  on  various  forms  of  PCD  in  the  water  vapor-laden  residual  atmosphere 
of  the  SEM  column  at  ~lxl0'5  Torr  [16,17]. 

The  remarkable  parallel  between  the  apparent  ability  of  both  molecular  hydrogen  and  water 
vapor  to  passivate  dangling  Si  and  diamond  bonds  prompted  a  closer  look  at  the  theoretieal  and 
experimental  aspects  of  tribothermal  water  sorption  onto  Si  and  polished  PCDc(ioO)-  The  existing 
knowledge  was  meant  to  serve  as  the  basis  for  establishing  an  SEM  tribometry  regimen  performed 
with  both  specimen  types  in  wet  Ph2- 
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3.0  THEORETICAL  AND  EXPERIMENTAL  BASIS  FOR  ESTABLISHING 
THE  MODEL  SEM  TRIBOMETER  EXPERIMENTS  IN  WET  Ph2 

3. 1  Static  and  Tribochemical  Dissociative  Chemisorption 
of  H2O  on  Silicon 

The  adsorption  of  H2O  on  Si  surfaces  is  important  in  semiconductor  technology,  being  the 
initial  step  in  the  wet-oxidation  of  Si.  As  shown  in  Thiel  and  Maddey's  thorough  1987  overview 
dealing  with  the  interaction  of  water  with  solid  surfaces  [18],  this  subject  has  been  studied  both 
theoretically  and  experimentally  for  years.  Their  treatise  includes  ample  experimental  evidence  of 
water  dissociatively  chemisorbing  on  Si,  especially  on  the  highly  reactive  Si(100)-(2xl).  The 
initial  absorption  probability  (the  sticking  coefficient  So)  of  H2O  on  Si(l  1  l)-(7x7)  at  300  K  is  at 
least  two-orders-of-magnitude  lower  than  on  Si(100)-(2xl),  where  it  is  about  unity.  The  So  on  a 
cleaved  Si(l  1  l)-(2xl)  surface  represents  an  intermediate  case,  with  a  value  about  10-times  lower 
than  on  the  Si(100)-(2xl).  Hydrogen  termination  of  the  Si(lOO)  surface  atoms  reduces  the  rate  of 
sorption,  at  low  coverages,  on  the  Si(lOO)  surface  by  at  least  10  (and  perhaps  as  much  as  14) 
orders  of  magnitude.  At  the  time  of  Thiel  and  Madey's  publication  it  was  still  questionable, 
however,  whether  or  not  dissociation  occurs  at  RT,  and  what  the  mechanism  of  H20-Si  interaction 
might  be  at  elevated  temperatures. 

3.1.1  Theoretical  Treatment 

In  general,  the  experimental  findings  in  [18]  were  in  accordance  with  simple  thermo¬ 
dynamic  arguments  explained  with  the  help  of  Figs.  6  and  7.  In  Fig.  6,  the  potential  energy  curve 
of  adsorbed  H2O  can  have  a  minimum,  which  is  either  higher  in  energy  than  the  dissociated 
products  (Curve  No.  1)  or  lower  than  the  adsorbed  hydrogen  and  oxygen  (Curve  No.  2).  In  the 
first  case,  dissociative  chemisorption  is  thermodynamically  favored;  in  the  second,  it  is  not.  If  the 
activation  energy  barrier  to  dissociative  chemisorption  (Eact/dcs)  is  sufficiently  high,  dissociation 
may  be  prevented  due  to  kinetic  limitations,  even  though  it  may  be  thermodynamically  favored. 

The  respective  energies  are  schematically  depicted  in  Fig.  7,  using  atomic  hydrogen  and 
oxygen  as  the  products  of  dissociation.  The  change  in  enthalpy  (AH)  which  is  associated  with  the 
nondissociative  adsorption  of  H2O  is  simply  the  the  negative  of  the  heat  of  desorption  (assuming 
no  barrier  to  adsorption). 

Using  the  classical  approach  of  AHdcs  =  (dissociation  products)  -  AHf  (H2O  gas), 
Thiel  and  Madey  [18]  estimated  AHf  of  the  dissociation  products  from  (a)  the  strength  of  the  Si-0 
bond  in  crystalline  Si02  [-453  kJ/mol  ( — 108  kcal/mol)],  and  (b)  Si-H  bond  strength  of 
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chemisorbed  hydrogen  [-240  to  -  336  kJ/mol  (—58  to  -81  kcaymol)].  As  defined  in  Fig.  7,  this 
leads  to  AHdcs  =  -700  to  -  892  kJ/mol  (—168  to  -214  kcal/mol),  a  value  much  more  negative  than 
the  chemisorption  bond  strength  of  molecular  water  (-50  kJ/mol  (—12  kcal/mol).  As  such,  disso¬ 
ciative  chemisorption  is  indeed  strongly  favored. 

3.1.2  Experimental  Literature  Data 

In  order  to  design  and  control  surface  structures  by  adsorbates  on  the  atomic  scale,  it  is 
very  important  to  characterize  and  understand  the  charge  transfer  between  an  adsorbate  and  the 
substrate  and,  as  a  prerequisite,  know  the  influential  local  electronic  structures  of  the  surface.  This 
is  also  the  case  with  the  sorption  of  various  gases  and  vapors  on  Si.  For  example,  the  initial 
reactive  sites  and  subsequent  reactions  of  oxygen  and  ammonia  molecules  are  governed  by  the 
local  electronic  structure  of  the  Si  surface.  This  mechanism  is  largely  determined  by  the  type  of 
reconstruction  cell(s)  present  as  a  function  of  surface  treatment  [19-21].  Indeed,  during  exami¬ 
nation  in  an  SEM,  the  secondary  electron  intensity  changed  depending  on  the  direction  of  the  dimer 
rows  on  Si(lOO)  [1x2  =  light  contrast;  2x1  =  dark  contrast],  and  between  the  7x7  (light)  and 
unreconstructed  1x1  structures  (dark)  on  Si(lll)  [21].  Essential  semiconductor  industry  pro¬ 
cesses  such  as  atomic  layer  epitaxy  and  initial  growth  of  semiconductors  (e.g..  Si)  depend  on  the 
understanding  of  these  fundamental  aspects  of  adsorbate  versus  surface  interactions. 

As  also  described  in  [21],  the  Si(lll)  surface  structure  undergoes  a  transformation  bet¬ 
ween  the  reconstructed  (7x7)  and  the  unreconstructed  (1x1)  at  830°C,  and  that  these  structures  co¬ 
exist  at  the  transition  temperature.  Heating  the  Si(l  1 1)  to  1300  K  (1027  °C)  produces  a  clean  and 
well-ordered  (7x7)  surface  [22]. 

The  reconstruction  of  the  Si(lll)-(7x7)  surface  is  a  subject  of  continued  interest.  The 
Si(lll)-(7x7)  has  been  probably  the  most  complex  and  most  widely  studied  surface  of  a  solid 
[23],  mainly  because  its  stability  constitutes  ubiquitous  problems  (a)  during  the  CVD  growth  of  Si, 
and  (b)  as  to  the  reactivity  of  Si  surfaces  with  a  variety  of  substances  at  elevated  temperatures.  For 
example,  the  characteristically  high  stability  of  the  Si(l  1  l)-(7x7)  surface  is  manifested  by  the  low 
sticking  coefficient  Sq  of  SiCU  (a  CVD  growth  precursor)  as  a  function  of  temperature  (-0.18  at 
160  K  to  -0.03  at  600  K)  [24].  The  initial  reactive  So  of  diethylsilane  (another  growth  precursor) 
on  Si(l  1  l)-(7x7)  decreased  versus  the  surface  temperature  from  -1.7x10*3  at  200  K  to  -4x10*3  at 
440  K.  At  300  K  this  adsorbate  began  to  be  dissociatively  chemisorbed,  however,  producing  Si- 
H  and  Si-C2H5  surface  species.  Annealing  at  temperatures  to  700  K  revealed  that  hydride  cove¬ 
rage  increased  as  the  hydrocarbon  decomposed  at  progressively  higher  temperatures,  with  ethylene 
and  molecular  hydrogen  as  the  desorbed  byproducts  [25]. 
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The  stable  Si(l  1  l)-(7x7)  must  be  heated  to  high  temperatures  to  render  it  reactive.  Tempe¬ 
ratures  above  -750  °C  were  needed  to  provide  the  required  activation  energy  for  the  generation  of 
surface  dangling  bonds  by  restructuring  the  Si(ll  l)-(7x7)  surface  for  reaction  with  CaF2  [26]. 
Annealing  the  Si(l  1  l)-(7x7)  surface  to  1020  K  causes  Ceo  fullerene  cages  applied  onto  this  surface 
to  open  and  thereby  cover  more  of  the  reconstructed  surface.  The  cage  opening  was  correlated 
with  an  increase  in  Si-C  bonding  [27]. 

As  to  dissociative  chemisorption  mechanisms  of  water  on  Si,  early  suggested  arrangements 
of  the  dissociated  H  and  OH  moieties  on  the  Si  surface  [28]  are  shown  in  Fig.  8.  The  off-normal 
direction  of  the  surface  bonds  (i.e.,  the  Si-OH  bond  is  tilted  off-normal  on  the  surface)  has  since 
been  confirmed  [29].  Then,  in  water  vapor-containing  atmospheric  environments,  H2O  molecules 
can  sorb  onto  the  hydroxylated  Si  surface  atoms,  forming  water  bridges  with  the  rela-tively  high 
hydrogen  bond  energy  of  -5  kcal/mol  (Fig.  9,  after  [30]).  The  strength  of  this  bond  leads  to  liquid 
water  condensing  between  oxidized  Si  surfaces  in  air,  at  sufficiently  high  relative  humidities.  The 
subsequent  generation  of  ultrathin  layers  of  grease-like  hydrated  silica  generated  by  the  reaction 
Si02  +  2H2O  ->  Si(OH)4  [31,32]  is  believed  to  cause  the  highly  undesirable  "stiction"  of  oxidi¬ 
zed,  hydroxylated  then  hydrated  Si  MEMS-MMA  components. 

The  dissociative  chemisorption  steps  of  water  on  Si  are  highly  temperature  dependent. 
Since  Thiel  and  Madey's  days  it  has  been  determined  that  water  dissociates  upon  adsorption  at  300 
K  (27°C)  to  form  Si-H  and  Si-OH  surface  species.  On  water-saturated  surfaces,  the  the  Si-OH 
groups  decompose  between  460  and  860  K  (187  °  and  307  °C)  to  form  Si-O-Si  species  and  additi¬ 
onal  surface  hydrogen  between  460  and  580  K  (187  °  and  314  °C).  The  Si-H  surface  species 
decreased  as  H2  desorbed  above  700  K  (427  °C)  [33].  The  hydroxyl  and  hydride  groups  are  che¬ 
mically  stable  at  RT  under  ultrahigh  vacuum.  Above  -420  K  (-147  °C)  the  Si-OH  was  found  to 
decompose  gradually  into  silicon  oxide  and  more  hydride.  Finally,  above  600  K  (-327  °C),  hyd¬ 
rogen  desorbs  from  the  surface  to  leave  the  oxygen  behind  [34].  On  heating,  the  surface  -OH  is 
eventually  converted  to  bridge-bonded  oxygens  at  temperatures  >550  K  (-277  °C),  which  finally 
penetrates  to  form  Si02  at  T  >  750  K  (-477  °C)  in  a  strongly  disturbed  bond  configuration  [35]. 

On  further  heating  close  to  900  'C  in  high  vacuum  or  at  low  partial  pressures  of  oxygen, 
any  Si02  is  removed  from  the  Si  surface  by  decomposition  to  the  volatile  SiO.  This  removal  ex¬ 
poses  regions  of  atomically  clean  Si  [36-39].  It  has  already  been  established  that  at  these  high  tem¬ 
peratures  even  the  stable  Si(l  1  l)-(7x7)  reconstruction  will  break  up  into  dangling  bonds.  Under 
low  P02  environmental  conditions,  the  surfaces  of  both  Si3N4  and  the  various  SiC  polytypes 

become  similarly  depleted  of  their  passivating  Si02  layers  by  the  same  "active  oxidation"  [40-42]. 
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More  importantly,  Watanabe  et  al  [7-9]  demonstrated  that  aqueous  HF-  and  NH4F  solu¬ 
tions  were  not  necessary  for  complete  surface  hydrogenation  of  Si  bonds.  Boiling  in  water  for 
periods  as  short  as  5  minutes  resulted  in  the  dissolution  of  any  Si02,  followed  by  complete  surface 
hydride  formation.  There  was  a  complete  absence  of  hydroxyl  termination.  Where  the  oxide  layer 
was  thicker  or  more  tenacious,  longer  boiling  times  (up  to  60  minutes)  were  necessary  to  obtain  the 
same  condition. 

In  an  interesting  parallel,  temperature-programmed  desorption  (TPD)  studies  of  two  diffe¬ 
rent  types  of  raw  and  water-Soxhlet  -extracted  Si3N4  powders  (for  405  hours)  indicated,  that  the 
surface  energy  of  the  extracted  powders  was  far  lower  than  the  raw  versions.  In  each  case,  the 
TPD  spectra  showed  that  the  raw  powders  lost  a  great  deal  of  water  starting  at  temperatures  bet¬ 
ween  300  and  400  K  (27  °  and  127  °C)  somewhat  diminishing  at  higher  temperatures,  along  with 
the  evolution  of  lesser  amounts  of  H2.  Hydrogen  desorbed  with  progressively  higher  intensity  as 
the  temperature  was  further  increased.  In  contrast,  the  water-washed  samples  lost  much  smaller 
amounts  of  water  between  300  and  400  K,  with  very  low  continuing  water  loss  at  temperatures  to 
as  high  as  900  K  (627  °C).  The  associated  hydrogen  loss  was  very  high  (higher  than  in  the 
previous  case),  with  the  rate  of  loss  increasing  sharply  above  700  K  (427  °C).  Ammonia  loss  at 
elevated  temperatures  was  also  significantly  higher  with  the  water-washed  samples  [43].  These 
data  make  sense  only  if  the  dissolution  of  the  silicon  oxides  from  the  powder  particle  surfaces 
during  the  Soxhlet  extraction  process  was  followed  by  hydrogenation  of  the  dangling  Si  surface 
bonds,  with  the  attendant  reduction  of  surface  energy. 

In  terms  of  tribochemistry  of  water  with  Si  surfaces.  Si  wafers  are  routinely  polished  in 
slurries  containing  fumed  silica  suspension  dispersed  in  aqueous  KOH  (pH~10),  whereby  the 
tribochemically  formed  silicon  oxide/hydroxide  is  continually  dissolved-abraded  away.  The 
chemical  part  of  the  removal  rate  depends  on  the  tribocatalytic  effect  of  the  load  and  the  speed, 
affecting  the  rubbing-induced  generation  of  active  sites  (dangling  bonds)  on  the  surface  [44]. 
Other  energy  input  (e.g.,  ion-sputtering  with  argon)  equally  capable  of  dangling  bonds  formation 
also  increases  the  hydration  (ergo  the  water- wettability)  of  Si  surfaces  [45].  Silicon  oxide  forma¬ 
tion  beneath  an  AFM  tip  by  applying  a  negative  bias  voltage  between  the  p’*'  silicon  tip  and  a  Si 
surface  through  tip-induced  anodization  in  the  presence  of  adsorbed  water  was  assumed  to  be  the 
cause  of  the  surface  transformations  [46].  The  above  results  agree  with  the  basic  tribochemical 
formation  and  removal  mechanisms  of  the  hydrated  silica  from  the  surfaces  of  Si,  SiC  and  Si3N4 
[47-51]. 
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The  overly  generalized  statements  that  "water  also  decreases  the  wear  and  friction  coeffi¬ 
cients  of  oxide  ceramics"  and  "amorphous  hydroxide  layers  serve  as  lubricants  during  friction  of 
AI2O3  and  Si02  in  water"  [52]  must  be  viewed  with  caution,  however,  when  referring  to  surface 
hydration  of  Si.  For  example,  in  spite  of  the  facts  that  ball-on-flat  Si  versus  Si  tribometry  was 
done  in  dry  argon  at  RT  [53],  the  native  oxides  combined  with  the  residual  sorbed  water  and  the 
H2O  remaining  in  the  dried  argon  or  originating  from  the  test  chamber  walls  turned  the  surface 
oxides-hydroxides  into  micro-rolls  between  the  sliding  specimens.  The  formation  of  these  rolls  is 
akin  to  the  rolls  generated  by  rubbing  an  eraser  against  paper.  The  coefficient  of  friction  (COF) 
was  reduced  from  the  relatively  high  0.45  to  about  half  that  value  (still  high  by  MEMS  standards) 
at  a  2.65  N  normal  load.  Above  that  load,  the  reduced  COF  fluctuated  between  0.2  and  0.4,  mea¬ 
ning  that  the  "lubricating"  rolls  had  limited  load-carrying  capacity. 

Roll  formation  occurs  especially  readily  by  (a)  compaction  of  a  tribofilm  consisting  of  silica 
platelets  containing  some  minimally  adsorbed  water,  which  enhances  the  adhesion  between  the 
platelets,  and  (b)  delamination  of  the  wetted  platelets  into  rolled  aggregates  by  the  shear  forces  that 
develop  during  sliding.  The  COF  was  lowered  from  0.5  -  0.6  (no  rolls  at  100  C)  to  —0.2  (rolls  at 
600°C),  with  the  reduction  maintained  far  better  at  an  H2O  partial  pressure  (PH20)  of  0.034  MPa 
(-200  Torr)  than  at  PH2O  =  0.008  MPa  (-50  Torr).  The  wear  of  the  Si  was  also  progressively 
reduced  by  an  increase  in  temperature  from  100  °C  to  300  °C,  and  finally  to  600  °C  [54].  Not  only 
hydrated  silica  on  a  variety  of  hydrated  Si02-containing  ceramics,  but  other  relatively  soft  debris 
particles  of  different  chemistry  can  undergo  similar  roll  formation  during  sliding  [55]. 

During  benchtop  tribometry,  however,  where  the  available  power  to  continue  sliding  (and 
to  generate  the  "lubricative"  rolls)  is  usually  available  regardless  of  the  COF  magnitude,  is  not  the 
same  tribosystem  as  MEMS  gears  and  bearings  rotated  by  e.g.,  an  electrostatic  micromotor.  A 
sufficient  amount  of  capillary  water  and/or  hydrated  silica  in  the  narrow  clearances  of  MEMS- 
MMAs  can  bind  up  the  meachanisms  due  to  the  limited  power  available  to  drive  the  motor. 

3.2  Static  and  Tribochemical  Dissociative  Chemisorption 
of  H2O  on  Diamond 

Since  the  use  of  PCD  for  microelectronics  and  other  applications  is  more  recent  than  that  of 
Si,  the  literature  contains  less  information  on  the  chemisorption  of  adsorbates  and,  in  particular 
water,  on  diamond  surfaces.  In  addition  to  the  early  water  sorption  data  collected  in  [16],  Struck 
and  D’Evelyn's  IR  spectroscopy  [56,57]  has  identified  hydroxyl,  ether  and  carbonyl  groups  on 
C(IC)O)  as  water  dissociatively  chemisorbed  on  cooling  from  770  °C  in  1x10"^  Torr  Ph20.  It  was 

hypothesized  that  H2O  has  another  role  besides  being  an  oxygen  carrier  to  promote  growth  of  pure 
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PCD  films  at  lower  temperatures.  Because  it  dissociatively  chemisorbs  on  diamond,  it  can  also 
saturate  dangling  bonds  on  the  surface  in  the  form  of  C-OH  groups  [58,59]. 

Inasmuch  as  the  bond  energy  of  the  C-OH  (85  kcal/mol)  is  lower  than  that  of  the  C-H  (107 
kcal/mol),  the  -OH  group  should  be  easier  to  desorb  than  the  less  stable  carbonyl  and  the  more 
stable  ether  groups  [60].  These  moieties  begin  to  leave  the  diamond  surface  above  400  °C  as  CO 
and  above  500  °C  as  CO2  [61].  At  PCD  growth  temperatures  below  680  °C,  H2O  simultaneously 
inhibits  diamond  oxidation.  A  small  increase  in  relative  humidity  can  result  in  a  significant  reduc¬ 
tion  in  the  rate  of  diamond  etching  by  O2  at  typical  deposition  temperatures  [59,62].  The  addition 
of  water  below  800  °C  and  the  attendant  retardation  of  etching  of  the  diamond  phase  by  molecular 
oxygen  was  attributed  to  the  formation  of  C-OH  bonds. 

In  contrast,  hydrogen  does  not  desorb  in  large  quantities  until  about  1000  °C.  Since  it 
requires  greater  energy  to  desorb  it,  the  CVD  growth  temperatures  in  the  presence  of  only  hydro¬ 
gen  have  to  be  above  850  °C.  The  lower  bond  strength  of  -OH  thus  permits  the  deposition  of  PCD 
at  lower  temperatures,  along  with  the  ready  removal  of  sp^-bonded  (nondiamond)  contaminant  by 
the  same  addition  of  water  [63-65]. 

Vacuum  annealing  of  as-grown  CVD-PCD  films  removed  all  hydrides  from  the  surface  at 
1470  K  (1197  °C).  Subsequent  air  exposure  to  surface  saturation  resulted  in  the  adsorption  of 
atmosphric  gases  such  as  oxygen  and  water.  On  reheating  the  film,  hydrogen  was  released  bet¬ 
ween  1 100  and  1470  K  (827  °  and  1 197  °C).  The  thermal  desorption  spectrum  of  hydrogen  had 
two  peaks  at  1 170  and  1320  K  (897  °  and  1047  °C,  respectively).  Up  to  70%  of  the  bonded  hyd¬ 
rogen  was  attributed  to  water  adsorption  on  the  diamond  during  air  exposure  [66]. 

As  previously  mentioned,  friction  and  wear  tests  of  single-crystal  diamond  pins  sliding 
against  single-crystal  and  CVD-PCD  flats  in  various  environments  indicated  that  H2O  is  an  ex¬ 
cellent  lubricant.  The  COF  was  reversibly  reduced/increased  from  ~0.08  to  0.06  to  below  0.02 
going  from  air  to  water  and  back  to  air  [10,1 1],  and  in  similar  experiments  from  -0.15  to  as  low  as 
0.05  going  again  from  air  to  water  [12].  In  other  recent  experiments  with  polished  PCD-coated 
pins  sliding  against  similarly  coated  flats  in  the  water- wetted  test  mode,  Miyoshi  [13-15]  reported 
unusually  low  friction  and  wear  rate  values  (Figs.  10  and  11).  These  data  agree  with  the  low- 
friction  and  low-wear  SEM  tribometer  experiments  we  have  conducted  to  date  with  polished 
PCDc(ioO)  specimens  in  -1x10'^  Torr  vacuum,  where  over  90%  of  the  residual  gases  consisted  of 
water  vapor  [16,17]. 
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4. 0  TEST  SPECIMENS  AND  THE  Ph2  +  PH2O  TEST  PROCEDURE 


The  literature  data  presented  above  indicate  that  water  vapor  should  act  as  an  atomic  level 
lubricant  (a)  for  Si  above  the  boiling  point  of  water,  where  condensed  liquid  could  not  cause 
excessive  COF  in  MEMS-MMAs  or  perhaps  even  in  benchtop  tribometry,  and  (b)  for  diamond  in 
any  reasonable  test  environment.  As  such,  the  SEM  tribometer  test  technique  developed  for  testing 
in  a  dry  Ph2  atmosphere  would  be  fully  applicable  in  the  present  case,  provided  water  vapor  could 
be  introduced  into  Ph2  kept  at  -0.2  Torr  in  some  manner.  Mixing  water  into  Ph2  would  be  parti¬ 
cularly  suitable,  because  Burt  and  Matthies  [4]  have  found  by  testing  Si  in  wet  hydrogen  that  the 
atomic  hydrogen  species  on  the  Si  mainly  appeared  to  be  due  to  the  reaction  of  water  supplied  by 
the  annealing  gas  with  the  active  sites  on  its  oxide  surface.  The  contribution  of  the  molecular  hyd¬ 
rogen  of  the  annealing  ambient  to  the  observed  annealing  kinetics  of  the  Si/Si02  interface  traps 
seemed  to  be  of  lesser  importance. 

A  clean,  4  cm  diameter,  9  cm  long  304  stainless  steel  gas  filter  vessel  (Scott  Model  53- 
45H5)  with  the  fibrous  gas  filter  cartridge  removed  served  as  a  water  saturation  device  for  the 
gently  flowing  hydrogen  (Fig.  12).  Since  the  hydrogen  was  passing  through  the  needle  valve  at 
extremely  slow  flow  rates  to  provide  the  -0.2  Torr  total  pressure  of  H2+H2O  in  the  tribometer 
subchamber,  the  conventional  method  of  testing  materials  in  wet  hydrogen  by  bubbling  the  dry  gas 
through  distilled  water  [67-69]  could  not  be  accomplished.  Instead,  the  gas  mixture  was  allowed 
to  come  to  saturated  equilibrium  with  water  vapor  in  the  stainless  steel  vessel  at  RT  without  any 
special  thermostated  state,  prior  to  introduction  into  the  preferentially  pumped  tribometer  sub¬ 
chamber.  This  methodology  was  similar  to  the  one  used  in  [70]. 

Using  Fig.  12  as  a  guide,  the  detailed  water  introduction  procedure  is  as  follows; 

1 .  Close  needle  valve. 

2.  Pump  down  the  SEM  column  to  -1x10'^  Torr. 

3 .  Half-fill  stainless  steel  water  saturation  vessel. 

4.  Heat  thermostated  needle  valve  to  -50  °C  and  keep  at  that  temperature  until  the 
entire  experiment  is  completed. 

5 .  Adjust  gas  regulator  pressure  to  10  psig  H2,  with  the  regulator  outlet  valve  closed. 

6.  Pressurize  water  vessel  with  the  10  psig  H2  by  opening  the  regulator  valve. 

7 .  Close  regulator  valve. 

8.  Evacuate  dead  air  space  of  water  vessel  to  -25  psig  (Max.  vacuum  level)  through 
the  needle  valve,  very  slowly.  CAUTION:  evacuation  to  less  than  -25  psig  will 
cause  the  water  to  degas  and  boil.  Slow  evacuation  is  absolutely  necessary  to 
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prevent  liquid  water  from  entering  the  needle  valve  and  thus  the  SEM  tribometer 
subchamber. 

9.  Close  needle  valve. 

10.  Repeat  Steps  6  through  9  ten  times. 

1 1 .  Pressurize  water  vessel  to  10  psig  H2,  then  close  regulator  outlet  valve  and  needle 
valve. 

12.  Allow  water  vapor  to  reach  equilibrium  with  the  H2-filled  water  vessel  and  transpor 
tube  volume  overnight  under  10  psig  H2. 

13.  On  following  morning,  crack  needle  valve  until  the  subchamber  Baratron  pressure 
gage  registers  0.2  Torr  and  proceed  with  the  experiment. 

Note  in  Step  4  that  the  Joule-Thomson  expansion  of  the  gas  mixture  exiting  the  needle 
valve  into  the  subchamber  has  chilled  the  water  vapor  to  the  point  of  ice  formation,  stopping  the 
gas  flow.  The  needle  valve  had  to  be  wrapped  with  a  heating  tape  and  thermostated  to  the  lowest 
possible  temperature  (~50  °C)  to  melt/vaporize  the  ice  and  reinstate  the  flow. 

The  PH2O  in  the  total  of  0.2  Torr  pressure  of  the  gas  mixture  was  estimated  by  (a)  shutting 
off  the  flow  of  the  mixture  into  the  subchamber,  (b)  measuring  the  subchamber  pressure  during 
continued  pump-down  (note  that  the  mechanical  pump  is  always  assisted  by  the  turbomolecular 
pump  helping  in  the  evacuation  of  the  subchamber  through  the  lid  orifice),  and  (c)  determining  the 
inflection  pressure,  where  the  characteristically  rapid  evacuation  of  hydrogen  was  followed  by  the 
more  slowly  developing  pressure  change  attributed  to  the  more  difficult-to-pump  residual  water 
vapor.  This  methodology  resulted  in  estimating  a  ~0.02  Torr  PH2O  in  -0.2  Torr  (actually,  0.18 
Torr  by  Dalton’s  Law)  Ph2-  A  similar  technique  of  PH2O  approximation  was  practiced  in  [71]. 

Prior  to  tribometry,  all  Si  specimens  received  an  aqueous  HF  treatment  to  remove  all 
surface  oxides  and  to  cap  all  surface  bonds  with  hydrogen,  as  before.  The  polished  PCDc(i(X))  pin 
and  flat  previously  employed  to  repeatedly  test  this  combination  in  vacuum  [17]  and  then  in  Ph2 

[2]  were  again  reused  a  number  of  times  for  the  wet  hydrogen  tests  ,  but  only  after  the  customary 
hot  chromic  acid  solution  cleaning  step  to  remove  all  surface  contaminants.  All  other  test  technique 
steps  previously  used  for  Ph2  experimentation  of  Si  or  PCDc(lOO)  were  also  employed  here. 

These  additional  steps  have  been  adequately  described  in  [1,2,72]. 
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5.0  TEST  RESULTS 

5. 1  Friction  and  Wear  of  Si  vs.  Si  in  Dry  and  Wet  Ph2 

5.1.1  Friction  Behavior 

The  COF  and  the  associated  MAX.COF  charts  of  the  last  round  (Round  3)  of  the  dry  and 
the  only  round  of  wet  Ph2  tests  are  shown  in  Figs.  13  and  14,  respectively,  as  a  function  of  tem¬ 
perature.  These  data  are  compared  with  all  the  other  previous  rounds  of  dry  Ph2  experiments 
described  in  [1,72]  and  summarized  here  in  Figs.  15  through  17.  The  results  must  be  viewed  in 
light  of  the  fact  that  the  sapphire  reaction  barrier  plate  between  the  Si  flat  and  the  Pt  heater  strip  is 
thermally  insulative.  Combined  with  the  position  of  the  thermocouple  unavoidably  located  below 
the  heater  strip,  the  recorded  heater  temperatures  are  always  below  the  actual  surface  temperature  of 
the  Si  flat  during  heating  and  sliding.  In  vacuum,  this  AT  value  was  estimated  to  be  2(X)°C  [73]. 
In  Ph2  it  is  less  due  to  the  higher  thermal  conductivity  of  the  Ph2  test  atmosphere,  estimated  to  be 

-100  °C  [1,2].  As  a  consequence,  all  temperatures  read  off  the  charts  and  subsequently  included 
in  tables  were  increased  by  100  °C. 

The  most  important  observation  from  the  data  in  Figs.  13  through  17  is  that  the  remarkable 
reduction  in  COF  and  MAX.COF  previously  observed  in  dry  hydrogen  at  the  estimated  surface 
temperatures  of  between  250°  and  450°C  also  occurs  in  the  wet  gas.  There  are  distinct  similarities 
and  a  few  significant  differences  between  the  dry  and  wet  friction  data,  as  measured  by  sudden 
thermally-  and  sliding-induced  changes  in  the  COF  and  MAX.COF.  The  inflection  temperatures 
taken  from  the  above  illustrations,  representing  measurable  and  often  abrupt  decreases  or  increases 
in  COF-MAX.COF,  are  summarized  in  Tables  1, 2  and  3.  The  COF  inflection  points  and  regions 
are  always  reconciled  with  the  respective  MAX.COF  inflections  for  the  most  representative  data 
possible.  The  data  from  all  dry  Ph2  tests  are  averaged  (where  prudent  and  applicable),  because  the 
best  overall  and  most  reliable  Third  Round  of  the  dry  Ph2  experiments  juxtapositioned  with  the 
only  round  of  wet  ones  in  Figs.  13  and  14  are  not  completely  representative  of  all  the  other  dry 
tests  depicted  in  Figs.  15  through  17. 

To  compare  the  best  inflection  temperatures  associated  with  the  dry  and  wet  friction 
reduction  zones  (3  ea.  with  all  crystallinities),  and  the  peaks  hypothesized  to  be  the  results  of 
re(de)construction  (2  ea.  with  all  crystallinities),  the  temperatures  within  each  dry  round  were  ave¬ 
raged.  Averaging  was  accomplished  by  reading  off  the  inflection  temperature  values  and/or  ranges 
from  Figs.  13  through  17,  as  guided  by  the  arrows  pointing  out  the  COF/MAX.COF  change  boun¬ 
daries  rounded  off  to  the  nearest  50°C.  The  re(de)construction  temperature  peaks  that  follow  the 
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initial  COF  reductions  preceding  these  peaks  are  not  marked  by  arrows  to  avoid  confusion.  The 
reductions  in  friction  (called  "drops"  in  Tables  1  through  3)  were  logged  either  as  temperature  ran¬ 
ges  where  the  reduction  persisted  or  by  a  discrete  value,  when  the  friction  drop  was  sharp.  All 
re(de)construction  temperature  peaks,  by  definition,  are  indicated  by  a  single  number. 

The  friction  drops  compared  in  Tables  1  through  3,  containing  the  summary  of  the  thermal 
inflection  points  or  regions  taken  from  the  COF-MAX.COF  data  presented  in  Figs.  13  through  17, 
exhibit  remarkable  similarities  and  a  few  significant  differences  as  the  function  of  absence  or  pre¬ 
sence  of  water  vapor  in  hydrogen; 

1 .  Polv-Si:  As  previously  described  in  detail  in  [  1 ,72],  the  largest  number  of  dry  Ph2 
experiments  were  run  with  this  crystallinity,  providing  the  most  reliably  averaged 
values  in  Table  1.  As  depicted  there,  the  first  friction  drop  was  at  RT,  manifested 
as  a  slight  but  noticable  reduction  during  each  test,  in  both  atmospheres.  This  drop 
may  be  related  to  some  tribochemical  reaction  of  the  residual  water  vapor  remaining 
behind  in  the  99.9999%  H2,  as  discussed  later  in  this  report.  The  second  and  third 
friction  drops  in  both  atmospheres  compare  well  with  the  temperatures  where  the 
dyhidrides  and  the  monohydrides  desorb  from  Si  (see  Figs.  18  through  21  taken 
from  [74  through  77],  respectively).  During  the  Third  Round  dry  test,  the  second 
and  third  COF  drops  in  Fig.  13  appeared  to  have  coalesced  into  one  single  trough, 
although  the  associated  MAX.COF  values  in  Fig.  14  did  indicate  some  bifurcation. 

These  findings  should  be  compared  not  only  with  the  hydrogen  desorption  tempe¬ 
ratures,  but  with  the  thermal  history  of  Si  surfaces  previously  discussed  in  3.1.2: 
on  water-saturated  surfaces  the  Si-OH  groups  decompose  between  187°  and  307  °C 
to  form  Si-O-Si  groups,  along  with  the  generation  of  additional  hydrides. 

The  700°C  reconstruction  peak  No.  1  also  agrees  with  the  desorption  temperaUires 
depicted  in  Figs.  18  through  21,  beyond  which  no  hydrogen  is  expected  to  remain 
on  the  surface.  The  reconstruction  temperature  of  Peak  No.  1  did  shift,  however, 
by  a  significant  amount  from  700°C  (dry  PH2)  to  850°C  (wet  Ph2)-  As  ^Iso  dis¬ 
cussed  in  3.1.2,  the  second  friction  drop  range  of  5(K)  °  to  600  °C  agrees  not  only 
with  the  removal  temperature  of  the  monohydride,  but  also  with  the  formation  of 
stable  Si02,  followed  by  a  volatile  decomposition  into  SiO  at  some  higher  tempe¬ 
rature.  However,  SiO  does  not  evaporate  until  ~900  °C.  At  that  point,  all  surface 
bonds  will  become  unsaturated.  Reconstruction  occurs  at  a  significantly  higher 
temperature,  therefore,  than  if  the  last  vestiges  of  only  the  less  stable  monohydrides 
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were  removed.  After  the  hypothesized  deconstruction,  the  friction  remain  high, 
indicating  the  lack  of  dissociative  chemisorption  of  either  H2  or  H2O  on  cooling  to 
RT.  The  general  levels  of  high  friction  are  extremely  stable  at  or  near  RT,  except  in 
the  single  case  of  the  poly-Si  shakedown  experiment. 

2.  SinOO):  The  first  (RT)  COF-MAX.COF  drop  of  the  wet  test  is  broader  and  more 
intensive  than  the  dry  equivalents,  and  certainly  better  defined  than  in  the  case  of  all 
parallel  poly-Si  tests.  In  the  same  vein,  the  second  drop  of  both  type  of  atmo¬ 
spheric  tests  also  appear  to  be  better  defined  than  that  of  poly-Si.  The  third  drop  of 
the  wet  Si(lOO)  test  was  equally  more  intensive  and  better  defined  than  with  dry 
Si(lOO)  or  dry  poly-Si.  The  temperature  range  of  this  final  drop  definetely  shifted 
upward  compared  to  the  poly-Si  tests,  although  a  small  wet-poly-Si  peak  in  the 
same  thermal  range  (not  marked  with  an  arrow  in  Fig.  13)  can  also  be  observed. 
The  third  friction  drop  of  the  wet  Si(lOO)  test  is  definetely  higher  than  that  of  the 
comparable  dry  experiment,  possibly  indicating  the  persistence  of  greater  amounts 
of  relatively  low-friction  surface  oxides  that  developed  in  hydrogen  containing  the 
larger  amount  of  water. 

The  sharper  friction  drops  in  the  case  of  Si(lOO)  should  be  examined  in  light  of  a 
Si(lOO)  surface  theoretically  containing  better  defined  sets  of  di-  and  monohydrides 
than  the  more  disordered  poly-Si  surface  or  the  essentially  monohydrides-covered 
Si(lll).  This  should  be  generally  true  in  practice  as  well,  notwithstanding  any 
miscut  surface  disorder  invariably  induced  during  specimen  fabrication  to  some 
degree. 

3 .  Sifllll:  The  lubricating  effects  of  water  at  unexpectedly  high  elevated  temperatures 
are  remarkable  with  this  crystallinity.  While  at  RT  the  usual  tribochemical  COF- 
MAX.COF  (first)  drops  have  also  been  observed  both  in  the  dry  and  the  wet  cases 
(as  before),  the  second  and  third  friction  drop  temperatures  are  significantly  higher 
during  the  wet  experiments.  In  fact,  the  Si(lll)  surface  exhibited  the  unusually 
low  COF  of  -0.05  and  MAX.COF  of  -0.2  near  800  °C!  The  reconstruction 
temperature  is  by  far  the  highest  observed  among  all  the  crystallinities  tested,  indi¬ 
cating  the  extreme  stability  of  the  the  bridge-bonded  oxygens  on  the  Si(l  1 1).  The 
950  °C  reconstruction  temperature  agrees  extremely  well  with  the  reported  ~900  °C 
decomposition  temperature  of  Si02. 
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5.1.2  Wf>ar  Behavior 


The  wear  rate  (‘W^  data  in  Table  4  indicates  that  during  the  RT  "grind"  experiments  inhe¬ 
rently  performed  under  the  highest  Hertzian  stresses,  the  ‘M^of  all  crystallinities  remained  about  the 
same,  regardless  of  the  environment.  The  ability  of  wet  Ph2  to  ^ot  as  an  atomic-level  lubricant 

does  not  manifest  itself  until  the  contact  stresses  are  significantly  reduced  (Table  5).  As  previously 
reported  in  [1]  and  presented  again  in  Table  5,  the  Wsi  during  the  thermally  ramped  tests  is 
roughly  the  same  in  vacuum  and  in  0.2  Torr  dry  Ph2»  with  the  exception  of  Si(lOO).  This 
crystallinity  showed  a  factor  of  ~5  reduction  in  wear  rate  in  dry  Ph2-  contrast,  the  presence  of 
-0.02  Torr  Ph20  in  the  0.18  Torr  hydrogen  environment  drastically  reduces  the  ft^i  in  each  and 
every  case:  by  a  factor  of  100  with  the  Si(l  1 1),  a  factor  of —30  with  the  poly-Si  and  about  a  factor 
of  3  with  the  Si(  100). 

This  order  of  wear  reduction  agrees  with  the  COF-MAX.COF  data  in  Figs.  13  through  17. 
The  extremely  low  overall  friction  of  the  wet  Si(lll)  is  commensurate  with  the  largest  wear  rate 
reduction  attributed  to  the  water  vapor.  The  most  persistently  high  COF-MAX.COF  values  of  the 
Si(lOO)  come  with  the  lowest  water-induced  wear  reduction,  with  the  poly-Si  exhibiting  inter¬ 
mediate  values  in-between. 

SEM  photomicrographs  of  the  dry  and  wet  Ph2  experiment  pin  tip  scars  are  compared  in 
Fig.  22.  Although  the  photos  reveal  the  cohesive  nature  of  the  wear  debris  in  both  atmospheric 
environments,  the  wet  debris  shows  a  tendency  to  agglomerate  more  on  the  entry-and-discharge  re¬ 
gions  of  the  tip.  The  wet  debris  also  tends  to  remain  more  within  the  scars.  The  lowest  ‘JFSi(l  1 1) 
had  the  most,  and  the  highest  W  Si(lOO)  the  least  included  debris  there,  with  the  poly-Si  repre¬ 
senting  an  intermediate  state.  It  is  equally  significant  that  plowing  of  the  debris  caused  scalloping 
the  dry  Ph2  wear  scar  edges,  while  the  "wet"  scar  edges  exhibit  essentially  no  crenellation. 

The  wear  scar  photomicrographs  of  the  respective  flats  in  Figs  23  through  25  corroborate 
these  findings.  The  frosty  appearance  of  the  scars  are  attributed  to  relatively  homogeneous  tensile 
microcracking  of  the  substrates  normal  to  the  direction  of  sliding,  with  the  wet  Ph2  scars  showing 

considerably  more  homogeneity  with  smaller  cracks  of  shallower  depth.  In  parallel  with  the  beha¬ 
vior  of  the  debris  in  the  pin  tip  scars,  it  is  apparent  under  the  highest  (2000  x)  magnification  that 
more  microdebris  particles  remained  in  the  wet  flat  scars  than  in  the  dry  ones. 

However,  none  of  these  pin  or  flat  scar  photos  reveal  any  evidence  of  eraser-like  rolls.  As 
previously  discussed,  these  type  of  rolls  were  as  large  as  10  |xm  in  length  and  1  |i,m  in  cross- 
section  during  6(K)  °C  testing  in  a  0.034  MPa  (~200  Torr)  PH2O  environment  [54].  Equally  long 

but  far  thinner  rolls  were  generated  in  "dry"  argon,  presumably  originating  from  residual  hydrated 
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silica  rolled  up  from  the  sliding  surfaces  [53].  The  absence  of  such  "bearing  rollers"  notwithstand¬ 
ing,  it  appears  that  the  moisture-induced  malleability  of  the  super-fine  Si  wear  debris  smeared  into 
the  wear  scars  during  the  present  experiments  imparts  properties  similar  to  a  semi-solid  lubricant. 

Our  hypothesis  associating  low  wear  with  the  solid  lubricating  nature  of  the  wet  debris  is 
further  strengthened  by  the  appearance  of  the  pin  and  flat  wear  scars  of  the  15  g  thermally-ramped 
vacuum  tests  previously  described  in  [72,73].  Their  appearance  is  depicted  here  in  Figs.  26 
through  28.  The  relatively  high  Win  vacuum  versus  the  much  lower  Win  wet  Ph2  described  in 

Table  5  may  be  better  understood  by  observing  that  the  pin  tips  are  not  decorated  with  debris  after 
the  vacuum  experiments.  This  indicates  considerable  non-adherence  to  the  Si  tip  substrate  and 
non-coherence  of  the  microparticles  to  form  aggregates,  their  large  surface  area-to-mass  ratios  not¬ 
withstanding.  Comparing  the  morphology  of  the  debris  generated  in  wet  versus  dry  Ph2,  the 

particles  left  behind  in  the  flat  scars  of  the  vacuum  tests  appear  dry,  powdery  and  inhomogene- 
ously  agglomerated,  where  small  clumps  of  powder  could  be  found  at  all  in  the  first  place.  The 
resulting  pin  scars  are  much  rougher,  exhibiting  the  degree  of  grain  pull-out  not  observed  after  the 
wet  Ph2  experiments.  The  flat  scars  associated  with  the  vacuum  tests  also  appear  more  damaged. 

5.2  Friction  and  Wear  of  Poiished  PCDc(ioo)  itseif  in 
Dry  and  Wet  Ph2 

The  COF  and  MAX.COF  of  polished  PCDc(ioo)  tested  in  dry  versus  wet  Ph2  in  Figs  29 
through  32  depict  a  similar  lubrication  mechanism  via  reactions  of  water  vapor  with  the  hot  PCD 
surfaces  from  the  gas  phase.  However,  the  results  are  more  subtle  than  in  the  case  of  Si: 

1 .  During  testing  in  dry  Ph2  [2],  27  ea.  PCDc(ioo)  tests  were  completed  with  as  many 
COF  curves  generated.  Note  that  the  MAX.COF  curves  were  not  given  in  [2],  but 
are  presented  in  this  report.  One  significant  finding  in  [2]  was  that  individual 
experiments  within  each  test  round,  consisting  of  anywhere  from  2  to  6  tests  per 
round,  exhibited  either  the  re(de)construction  trough-containing  stepfunction  (the 
ideal  friction  signature)  or  the  stepfunction  without  the  trough  (only  a  friction  peak). 
These  differently  shaped  curves  have  been  previously  shown  in  Fig.  2  (right 
column).  The  typical  peak-only  curves  taken  from  the  test  rounds  where  both 
shapes  manifested  temselves  are  given  in  Fig.  29.  The  fact  that  the  stepfunctions- 
and-troughs  one  would  ideally  expect  during  each  test  did  not  occur  every  time  was 
attributed  to  wear  path-to-wear  path  crystallinity  disorder,  to  differences  in  surface 
temperature  of  the  PCD  as  a  function  of  hydrogen  pressure,  and  to  some  other  yet 
unrecognized  influences. 
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During  the  test  rounds  where  both  curve  shapes  have  been  found,  the  distribution 
of  the  peak-only  tests  versus  the  trough-type  COF-curved  tests  were  as  follows: 
Round  1  =  1  out  of  2  was  peak  shaped;  Round  3=1  out  of  4;  Round  4  =  3  out  of 
6;  Round  5  =  2  out  of  6;  and  Round  6  =  2  out  of  5.  Statistically,  out  of  any  4 
consecutive  experiments  run,  at  least  1  out  of  the  4  COF  curves  should  be  peak¬ 
shaped.  As  shown  in  Fig.  31,  the  4  ea.  wet  Ph2  experiments  performed  with  the 

same  (but  acid-cleaned)  rubbing  surfaces  all  had  peak  shapes.  At  the  same  time,  the 
highest  COF  value  was  attained  at  the  highest  surface  temperature  in  each  case, 
although  the  wet  Ph2  values  were  measurably  less  than  the  dry  Ph2  cases. 

2.  The  corresponding  MAX.COF  curves  in  Figs.  30  and  32  are  more  revealing  in 
terms  of  water  effects.  The  highest  MAX.COFs  of  the  dry  Ph2  tests  range  from 

0.3  to  as  high  as  1.0,  with  most  of  the  values  clustering  around  0.5  to  0.6.  In 
contrast,  the  corresponding  maximums  of  the  wet  Ph2  tests  are  always  below  0.3. 

In  fact  the  heated  MAX.COF  are  always  lower  above  600  °C  than  below  it, 
indicating  some  sign  of  a  beneficial  gas-phase  reaction  that  occurs  in  wet  Ph2. 
which  does  not  occur  in  dry  Ph2-  It  is  suspected  that  these  reactions  prevent  the 
formation  of  the  re(de)construction  troughs  depicted  in  Fig.  2.  There  are  indica¬ 
tions  in  Figs.  2,  4,  5,  and  29  through  32  than  the  most  advantageous  temperature 
range,  in  terms  of  MAX.COF  reduction,  is  around  700°  to  1000  °C  in  both  dry  and 
wet  Ph2-  As  shown  by  a  TPD  study  in  Fig.  33  taken  from  [78],  this  temperature 

range  agrees  with  the  desorption  range  of  hydrogen  from  PCD  surfaces. 

The  fact  that  the  gas  phase  reactions  do  have  an  excellent  opportunity  of  occurring 
is  reinforced  by  the  data  in  Fig.  34  [79],  where  the  incoming  flux  of  atomic  hydro¬ 
gen  is  plotted  as  a  function  of  temperature  and  coverage  on  a  C(IOO)  diamond 
surface.  If  we  now  calculate  the  impingement  rate  v  of  molecular  hydrogen  flux  on 
the  polished  PCDc(ioo)  as  a  function  of  the  0.2  Torr  Ph2  and  temperature  of  -1000 
°C  =  1300  K  by  the  well-known  formula  of  v  =  (3.513xl022)(P)/(MT)0-5  from 
[80],  we  find  a  value  of  (3.513xl022)(0.2)/(2600)0-5  =  1.38x1020  cm‘2-cm‘l.  The 
data  indicate  that  this  flux  agrees  with  a  complete  monolayer  of  H2  coverage  at  that 
temperature.  The  impingement  reate  of  the  water  molecules  at  -0.02  Torr  present  in 
the  introduced  hydrogen  is  (3.513xl022)(0.02)/(2600)0-5  =  4.59x10^*  cm'2-cm'l. 
According  to  Fig.  34,  this  is  also  enough  for  a  monolayer  coverage  at  -1000  °C. 
The  So  sticking  coefficients  of  the  respective  species  should  be  near  unity  at  the 
active  sites. 
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Examination  of  the  pin  tip  previously  used  for  the  dry  Ph2  experiments  has  found  that  the 

size  of  the  scar  remained  essentially  the  same  after  the  8000  cycles  of  additional  sliding  (represen¬ 
ted  by  the  data  in  Figs.  31  and  32)  in  wet  Ph2»  under  the  average  stress  of  ~7  MPa  (-1000  psi). 
Therefore,  the  previously  summarized  wear  rates  of  polished  PCDc(ioo)  iu  dry  Ph2  [2]  are  the  best 
available  W,  as  presented  in  Table  5.  At  the  present  time,  one  can  only  approximate  the  'W^of 
PCDc(ioo)  in  wet  Ph2  as  <2xl0-i6  m^/N-m. 

6.0  DISCUSSION 

Even  in  the  absence  of  any  in-situ  surface  analytical  capability  in  the  SEM  tribometer,  there 
is  now  ample  evidence  that  both  hydrogen  and  water  enters  into  a  gas  phase,  tribothermal  reaction 
with  the  Si  and  diamond  surfaces.  The  hydrides  and  in  the  case  of  water  the  -OH  and  -O-  groups 
and/or  their  possible  reactive  intermediates  passivate  the  dangling  bonds  created  by  wear.  These 
reactions  occur  at  well  defined  temperature  ranges  generally  agreeing  with  the  desorption 
temperature  of  these  groups  from  the  respective  surfaces.  At  the  beginning  of  this  study,  the  ideal 
water  content  in  hydrogen  for  optimum  lubrication  of  Si  was  not  known.  The  convenience  of 
water  saturation  of  the  H2  by  a  simple  apparatus  at  RT  (Fig.  12)  was  an  important  factor  driving 
the  creation  of  the  test  regimen.  It  is  fortunate  that  the  resulting  PH2O  content  of  -0.02  Torr  in  the 
-0.2  Torr  dry  Ph2  gave  such  promising  results.  Therefore,  the  question  remains:  if  too  much 

water  is  harmful  due  to  capillary  condensation  and  the  ensuing,  tribocatalyzed  formation  of  hyd¬ 
rated  silica  leading  to  stiction  of  Si-based  MEMS-MMAs,  would  PH2O  values  higher  or  lower  than 

0.02  Torr  be  ideal  for  the  atomic-level  lubrication  of  Si? 

6. 1  Water  as  a  Lubricant  for  Silicon 

The  data  indicate  that  H2O  can  act  as  an  atomic  level  lubricant  for  Si,  but  only  from  gas- 
phase  reactions  well  above  the  boiling  point  of  water.  However,  both  its  partial  pressure  in  the 
environment  as  well  as  the  temperature  of  the  surface  play  an  important  part  in  this  mechanism. 

As  depicted  by  the  friction  data  presented  in  this  report,  neither  the  -lO’^  Torr  residual 
PH2O  in  the  SEM  column,  nor  the  <10'^  Torr  PH2O  in  0.2  Torr  of  the  dry  99.9999%-pure  H2  or 
its  wet  -0.2  Torr  version  containing  -0.02  Torr  PH2O  was  enough  to  substantially  reduce  the  star¬ 
ting  friction  by  whatever  dissociative  chemisorption  water  did  undergo  at  the  wear-generated  dang¬ 
ling  bonds,  at  RT.  It  appears,  that  the  competitive,  preferential  adsorption  of  larger  molecules  such 
as  N2  also  containing  less  than  1  ppm  of  water  is  more  effective  onto  hydrophilic  surfaces  than  jury 
similar  action  of  the  smaller  H2  molecules  [81],  The  water  molecules,  just  like  the  hydrogen  mole¬ 
cules,  have  to  come  in  contact  with  the  Si  surface  heated  to  sufficiently  high  temperatures  to  induce 


18 


the  formation  of  either  reactive  intermediates  or  the  fully  formed  hydrides  (from  hydrogen)  and 
hydroxyls,  hydrides  and  oxides  (from  water  vapor).  The  dangling  bonds  thus  become  passivated 
via  these  gas-phase  reactions,  until  these  groups  desorb  at  some  even  higher  temperatures. 

At  a  Ph20  of  0-2  Torr,  0.9  monolayer  of  water  was  formed  on  quartz  (Si02)  powder  at  RT 
[80].  If  we  presumed  that  the  surface  of  the  silica  was  already  hydroxylated,  then  this  nearly 
monomolecular  layer  of  water  would  be  hydrogen-bonded  to  the  surface  hydroxyls  as  depicted 
schematically  in  Fig.  9.  Since  it  has  been  determined  that  the  Si-OH  surface  bonds  are  off-normal, 
see  [28,29]  and  Fig.  8,  the  architecture  of  the  actual  water  bridges  may  be  somewhat  different  from 
the  simplified  schematic,  as  discussed  later  herein.  Nevertheless,  as  gathered  by  examining  even 
the  simplified  Fig.  9,  the  arrangement  of  a  monomolecular  water  layer  under  static  (i.e.,  non¬ 
sliding)  conditions  should  be  such  that  the  outermost  region  would  either  be  rich  in  the  hydrides  or 
in  oxygen. 

Such  surface  arrangements  on  Si  can  be  discussed  in  terms  of  water  sorption  on  Ti02, 
since  the  oxide  growth  and  hydration/dehydration  of  Si02  and  Ti02  are  similar,  see  Fig.  35  [82]. 
Molecular  water  adsorbs  on  a  Ti02  surface  as  one  of  two  types  (Fig.  36),  leading  to  two  different 
temperature  ranges  of  water  desorption.  In  the  Type  I  adsorption  in  Fig.  36,  molecular  water  is 
physisorbed  onto  the  hydroxylated  surface  (which  results  from  chemisorbed  water  in  the  first 
place).  In  Type  n  adsorption,  molecular  water  sorbs  onto  bridge-bonded  oxygens.  This  latter  step 
is  followed  by  dissociation  of  the  water  molecules  into  surface  hydroxyls.  While  Type  I  can  sorb 
more  than  one  monolayers  of  water  (and  thus  forming  the  water  bridges  depicted  in  Fig.  9,  Type  II 
water  is  limited  to  a  monolayer.  Type  I  water  desorbs  from  70°C  to  130  °C,  while  the  Type  II 
version  from  190  °C  to  250  °C  [83].  In  either  case,  statically  contacting  surfaces  identically 
terminated  with  just  one  monolayer  should  experience  repulsion  and  not  attraction.  Even  in  the 
Type  I  monolayer  case,  the  repulsive  nature  of  the  hydroxylated  Si  surface  depends  on  the  actual 
configuration  and  interactions  between  the  characteristically  aligned  surface  -OH  moieties. 

The  early  suggestions  of  Si  surface  hydroxylation  depicted  in  Fig.  8  have  since  been 
complemented  by  examining  the  synergistic  or  antagonistic  effects  of  the  various  cleavage  planes  to 
hydroxylation  and  further  hydration  [84].  Hydroxylation  of  the  Si(l(X))  leads  to  geminal  Si(OH)2 
groups,  which  form  hydrogen-bonded  chains  with  neighboring  geminal  groups,  as  depicted  in 
Fig.  37.  This  arrangement  would  render  the  surface  even  more  homogeneously  repulsive,  either 
before  or  after  further  baking  to  remove  some  molecular  water.  As  also  shown  in  Fig.  37,  dehyd- 
roxylation  readily  occurs  to  form  siloxane  bridges.  In  contrast,  there  would  be  no  hydrogen¬ 
bonding  between  neighboring  hydroxyls  on  the  Si(ll  1)  surface,  because  of  the  large  distance 
separating  them  (about  4  to  6  A;  a  characteristic  of  the  (1 1 1)  surface).  Dehydroxylation  is  unlikely 
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due  to  the  lack  of  surface-bound  clusters  that  otherwise  form  on  Si(lOO).  Therefore,  the  Si(l  1 1) 
exhibits  greater  thermal  stability  against  losing  such  surface  moieties. 

As  to  the  effects  of  third  bodies  on  wear,  it  is  known  that  a  large  amount  of  submicron 
particles  can  serve  as  a  form  of  solid  lubrication,  redistributing  the  contact  stresses.  Tribochemical 
reactions  with  water  vapor  can  form  films  and  rollers,  lubricating  the  tribocontact.  As  the  load  in 
the  contact  approaches  a  treshold  value  characteristic  to  the  structural  integrity  (mainly  tensile 
strength)  of  the  ceramic,  the  micro-Hertzian  stresses  between  the  contacting  asperities  and  the 
friction-induced  tensile  stresses  increase  to  the  point  where  a  large  number  of  microtensile  cracks 
will  form  in  the  wear  scar  [85].  It  was  already  shown  in  [53,54]  that  the  formation  of  a  compacted 
silica  microdebris  film  requires  the  adsorption  of  some  minimum  amount  of  water,  which  enhances 
the  adhesion  between  the  particles.  The  sliding  stress  then  first  delaminates  then  agglomerates  the 
wet  debris,  culminating  in  the  formation  of  rolls  in  the  tribocontact.  As  previously  mentioned, 
there  is  available  power  to  continue  sliding  (and  form  the  "lubricative"  rolls)  during  the  tribometry 
of  Si  regardless  of  the  COF  magnitude.  However,  a  tester  is  not  the  same  tribosystem  as  MEMS 
gears  and  bearings  rotated  by  an  electrostatic  micromotor.  The  hydrated  silica  in  the  narrow  clear¬ 
ances  of  the  MEMS-MMAs  will  bind  them  up  due  to  the  limited  power  of  the  locomotor. 

What  is  then  the  ideal  mechanism  of  lubricating  Si  with  water? 

During  sliding  and  generation  of  microsized  wear  particles,  the  above-discussed  repulsive 
forces  would  act  as  a  lubricant  layer,  providing  low  COF  and  MAX.COF  values.  However,  this 
mechanism  of  lubrication  would  be  different  from  that  offered  by  the  grease-like  behavior  of 
Si(OH)4.  Stoichiometric  silicon  hydroxide  can  be  formed  only  if  all  the  Si  backbonds  of  each 
surface  atom  had  been  completely  cleaved  and  capped  with  hydroxyls.  There  is  no  need,  however, 
for  such  a  complete  reaction  to  form  a  grease-like  layer,  as  indicated  by  the  behavior  of  hydrated 
fumed  (extremely  small  particle  size)  silica.  There,  the  wear  debris  microparticles  are  so  small  that 
their  hydroxylated  surfaces,  especially  when  capped  with  one  or  more  moleculcir  layer(s)  of  water, 
will  coalesce  into  a  highly  malleable,  grease-like  gel  via  micelle  formation.  If,  on  the  other  hand, 
the  surface  bonds  of  each  partially  or  fully  oxidized  Si  microparticle  generated  by  the  wear  process 
were  not  hydroxylated  but  hydrogenated  instead,  the  surface  energy  would  also  be  just  as  low  or 
even  lower.  There  would  be  some  van  der  Waals  attraction  between  the  hydrogenated  or  hydroxy¬ 
lated  particles,  although  not  as  strong  as  the  hydrogen  bond  of  fully  formed  water  bridges. 

When  the  debris  particles  and  their  aggregates  associated  with  the  dry  and  wet  Ph2  tests  (or 
the  vacuum  experiments)  were  photographed  in  the  SEM  (Figs.  22  through  28),  they  had  already 
been  exposed  to  atmospheric  air  and  moisture.  Therefore,  their  initial  conditions  in  the  original  test 


20 


environments  immediately  after  termination  of  the  experiments  (i.e.,  prior  to  exposing  the  used 
specimens  to  air)  either  retarded  or  enhanced  the  sorption  of  any  additional  atmospheric  moisture. 
The  minimally  cohesive  debris  observed  after  the  vacuum  tests,  the  cohesive  nature  after  the  dry 
Ph2  experiments,  and  the  even  more  cohesively  aggregated  microdebris  after  testing  in  wet  Ph2 

can  be  understood  better  by  viewing  the  additional  atmospheric  moisture  sorbing  onto  the  respec¬ 
tive  debris  types  as  some  "internal  standard". 

As  depicted  in  the  COF  and  MAX.COF  data,  neither  the  ~10'^  Torr  residual  PH2O  iJ'  the 
SEM  column,  nor  the  <10-'^  Torr  PH2O  in  0*2  Torr  of  the  dry  99.9999%-pure  H2  or  its  wet  ~0.2 
Torr  version  containing  -0.02  Torr  PH2O  was  enough  to  substantially  reduce  the  friction  by 
whatever  dissociative  chemisorption  water  did  undergo  at  the  wear-generated  dangling  bonds 
during  RT  sliding  at  the  beginning  of  each  test.  Water,  just  like  the  dry  hydrogen  before,  has  to  be 
heated  to  high  (to  4(X)  °C)  temperatures  to  induce  the  formation  of  either  reactive  intermediates  or 
the  actual  hydrides  (from  hydrogen)  and  hydroxyls,  hydrides  and  oxides  (from  water  vapor) 
capable  of  passivating  the  dangling  bonds  on  the  sliding  and  heated  Si  surfaces.  The  surprising 
difference  in  the  lubricating  ability  of  water  vapor  seems  to  consist  of  the  low-friction-providing 
role  of  the  highly  stable  surface  siloxane  (Si-O-Si)  moieties,  capable  of  reducing  the  friction  of  the 
most  stable  Si(l  1 1)  surfaces  to  the  unusually  low  COF  of  -0.05  and  MAX.COF  of  -0.2  near  800 
°C.  Even  the  less  stable  Si(lOO)  could  provide  some  reduction  in  friction  just  before  that  tempe¬ 
rature. 


6.2  Water  as  a  Lubricant  for  Diamond 

Water  is  an  excellent  atomic  level  lubricant  for  diamond.  In  view  of  (a)  the  general  dearth 
of  surface  analytical  data  as  complete  as  those  found  for  Si,  and  (b)  the  lack  of  in  situ  surface  ana¬ 
lytical  capabilities  of  the  SEM  tribometer,  the  likely  reactions  leading  to  the  COF  and  MAX.COF 
reductions  are  not  speculated  here.  At  best,  one  can  invoke  analogies  with  the  hydrogen  and  water 
vapor  reactions  and  gas  desorption  occurring  with/from  the  Si  surfaces,  plus  the  experimental  fact 
that  water  reduces  the  oxidative  etching  of  diamond.  It  is  strongly  suspected  that  the  gas-phase 
reactions  with  water  vapor  reactions  prevent  the  formation  of  the  re(de)construction  troughs  at  the 
highest  test  temperatures.  In  spite  of  the  substantial  lubricating  effects  of  water  for  Si,  the  friction 
and  wear  behavior  of  PCD  is  still  far  better  for  MEMS-MMA  applications  than  the  various  crys¬ 
tallinities  of  Si. 

The  SEM  tribometric  data  of  'M^CD  <  2xl0‘l6  m^/N-m  agrees  well  with  Miyoshi's  results 
presented  in  Fig.  10. 
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7. 0  CONCLUSIONS 


For  the  past  three  years,  SEM  tribometry  has  been  performed  with  (a)  various  Si  crystalli¬ 
nities  [Si(lOO),  Si(l  1 1)  and  poly-Si)],  and  (b)  polished,  mostly  C(100)-textured  and  acid-cleaned 
polycrystalline  CVD  diamond  films  [PCDc(ioo)]  heated  to  850°C  (Si)  or  950°C  (PCD)  then  cooled 
to  room  temperature  (RT).  The  initial  test  environment  was  ~  1x10"^  Torr  moderate  vacuum  of  the 
SEM  column  containing  -93%  water  vapor  in  its  residual  gas  environment,  followed  by  26  Pa 
(0.  2  Torr)  total  pressure  of  99.999%-pure  H2  as  the  second  test  environment,  and  the  same  dry 
Ph2  containing  -0.02  Torr  partial  pressure  of  water  vapor  as  the  third  environment. 

The  results  to  date  indicate  that  both  H2  and  H2O  can  act  as  atomic  level  lubricants  both  for 
Si  and  PCDc(ioo)  via  gas-phase  dissociative  chemisorption  reactions  well  above  the  boiling  point 
of  water.  The  most  effective  thermal  regions  for  reducing  both  the  average  and  the  maximum 
coefficient  of  friction  (COF  and  MAX.CVOF)  are  near  the  desorption  temperatures  of  the  dihyd¬ 
rides,  monohydrides,  the  -OH  moieties  and  the  most  stable  oxygenated  surface  groups  (e.g.,  the 
bridge  bonded  Si-O-Si  and  C-O-C).  The  wet  Ph2  was  particularly  effective  in  reducing  the  wear 

rate  (W)  of  the  various  Si  crystallinities  from  the  m^/N-m  range  found  in  moderate  vacuum 
and  in  dry  Ph2  by  one  to  two  orders-of  magnitude  in  the  wide  temperature  range  thermal  ramping 

environment  of  the  SEM  tribometer,  but  only  at  low  Hertzian  stresses  on  the  order  of  10  MPa  or 
less.  At  RT  and  under  the  high  starting  Hertz  stresses  of  near  430  MPa,  there  was  essentially  no 
difference  in  the  wear  rate  of  Si  in  either  dry  or  wet  Ph2-  In  contrast,  the  Wof  PCDc(ioO)  re¬ 
mained  at  or  below  -lO'l^  m^/N  m,  with  COF  and  MAX.COF  values  substantially  below  those  of 
Si. 


The  present  three-year  program  has  conclusively  demonstrated  that  the  friction  of  wear  of 
Si  and  diamond  are  highly  dependent  on  the  temperature-  and  gas-phase-induced  dissociative 
chemisorption  effects  of  hydrogen  and  water  vapor  passivating  the  sliding-and  heating-induced 
dangling  bonds  on  the  sliding  surfaces.  The  most  surprising  finding  has  been  that  a  low  partial 
pressure  of  -0.02  Torr  of  water  vapor  is  a  better  atomic  level  lubricant  than  its  dry  hydrogen  carrier 
not  only  for  diamond  but  for  silicon  as  well.  The  best  reactive  thermal  region  is  well  above  above 
the  boiling  point  of  water  (where  the  "stiction"  caused  by  capillary  water  disappear  in  the  first 
place),  near  the  desorption  temperatures  of  the  dihydrides,  momohydrides,  the  surface  -OH  and 
-O-  groups. 

The  results  dispel  the  current  belief  that  water  is  harmful  under  all  conditions  to  Si  MEMS 
surfaces  due  to  "stiction"  effects,  and  reinforces  our  original  contention  the  PCD  is  a  far  better 
MEMS  bearing  material  than  Si. 
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8.0  RESEARCH  PERSONNEL 


This  research  has  been  performed  by  selected  members  of  the  Hughes  tribology  team, 
under  the  direction  of  Dr.  Michael  N.  Gardos  as  the  Program  Manager  and  Principal  Investigator, 
e-mail:  mngardos@ccgate.hac.com  ;  Ph.:  (310)  616-9890,  and  FAX:  (310)  616-2628.  He  is 
being  supported  by  Ms.  Patricia  Schmidt  as  the  Hughes  Contracts  Administrator.  Messrs.  Lindon 
Melton,  Bruce  W.  Duller,  Gerald  R.  Meldrum,  Stephen  A.  Gabelich,  and  Dr.  Daniel  A.  Demeo 
were  responsible  for  the  tribological  and  chemical  characterization  of  single-crystal  and  polycrys¬ 
talline  Si  and  crystallographically  textured,  polycrystalline  diamond  films. 

Key  subcontractor  representatives  helping  the  Hughes  efforts  were  Drs.  K.V.  Ravi 
(formerly  with  Lockheed-Martin  and  now  with  Intel)  and  A.  Joshi  of  Lockheed-Martin  R  &  D 
(Palo  Alto,  CA)  growing  the  diamond  films,  Mr.  Thomas  F.  Wilson  of  Meller  Optics,  Inc.  (Provi¬ 
dence,  RI)  responsible  for  cutting  and  polishing  the  Si  tribospecimens,  and  Mr.  Richard  Palicka  of 
Cercom  Inc.  (Vista,  CA)  supplying  the  polycrystalline  a-SiC  tribopins  as  substrates  for  CVD  dia¬ 
mond  deposition. 

This  program  has  been  guided  by  Maj.  Hugh  C.  De  Long,  AFOSR/NL  Program  Manager. 

9.0  TRANSITIONS 

In  addition  to  the  establishment  of  a  Hughes/JPL/Caltech  Technical  Cooperative  Agreement 
(TCA),  the  submittal  of  4  ea.  draft  copies  of  papers  and  the  publication  of  three  others,  as  well  as 
the  presentation  5  ea.  seminars  and  papers  in  Europe  described  in  the  '97  Progress  Report,  there 
are  several  additional  Transitions  items  worth  mentioning  (see  below). 

9.1  Hughes/JPL/Caltech  Technical  Cooperative  Agreement 

The  TCA  work  is  now  ongoing,  where  most  of  the  accomplishments  consisted  of  (a)  the 
successful  completion  of  the  present  AFOSR  program,  (b)  establishing  the  improved  molecular 
dynamics  calculation  routines  for  single-crystal  diamond  surfaces  at  Caltech,  and  (c)  developing 
deep  reactive  ion  etching  techniques  at  JPL  to  prepare  hollow  molds  for  the  deposition  of  hollow 
diamond  rotors  for  upcoming  JPL  experiments  testing  Si  and  PCD  rotors  side-by-side  in  various 
harmful  and  advantageous  atmospheric  and  thermal  environments.  These  environments  will  be 
determined  by  the  findings  of  the  presently  completed  AFOSR  MEMS  Tribology  Program. 
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9.2  Hughes/JPUArgonne  National  Lab  Response  to  a  DARPA 
MEMS  BAA 

Building  on  the  plans  and  accomplishments  of  the  TCA  and  the  present  AFOSR  program, 
the  TCA  team  involved  the  nanocrystalline  diamond  growers  of  the  Argonne  National  Laboratory 
in  jointly  responding  with  a  Proposal  Abstract  to  DARPA  BAA  97-43,  entitled  "Microelectrome¬ 
chanical  Systems  (MEMS)".  A  three-year,  ~$3.5  M  program  was  suggested,  as  described  below. 

The  proposed  research  and  development  program  contains  three  main  innovations: 

•  The  use  of  a  novel  form  of  nanocrystalline  diamond  (Argonne  NanoCrystalline  Diamond; 
ANCD)  developed  at  Argonne  National  Laboratory  (ANL)  as  an  essential  multi-purpose 
material  for  tribological,  chemical  and  the  associated  electronic  functions  of  MEMS-MMA 
devices.  From  the  tribological  point  of  view,  it  is  expected  that  ANCD  will  reduce  by  a 
factor  of  ten  the  wear  rate  compared  with  polished  conventional  microcrystalline  diamond 
(with  1-10  urn  grain  size),  which  itself  has  been  demonstrated  to  have  a  wear  rate  10,000 
times  lower  than  that  of  Si.  The  work  on  ANCD  has  been  recognized  in  the  form  of  one  of 
three  1997  awards  given  by  the  U.  S.  Department  of  Energy  for  "Most  Significant  Implica¬ 
tions  for  Energy  Technology". 

•  The  use  of  an  innovative.  Si-compatible  fabrication  technology  as  a  means  of  forming  dia¬ 
mond  MEMS-MMA  structures,  and  integrating  them  with  Si-based  devices. 

•  A  continued  systematic  study  of  ANCD-ANCD,  ANCD-Si  and  Si-Si  nanotribology  directed 
toward  the  understanding  and  control  of  component-gas  phase  and  solid  phase  interactions  in 
order  to  reduce  friction  and  wear,  as  well  as  toward  controlling  the  chemical  and  electronic 
properties  both  on  the  surface  and  in  the  bulk  of  MEMS-MMAs. 

Robust  low-friction,  long-life  actuators,  which  perform  useful  work,  require  a  material  with 
significantly  longer  life  than  those  made  of  Si.  The  primary  purpose  of  this  program  will  be  to 
focus  on  the  development  of  long  life,  low  friction  ANCD  actuators  for  MEMS  applications. 
These  actuators  can  move  currently  available  sensors  or  their  components,  using  fabrication 
methods  which  are  compatible  with  Si-based  technology.  We  hope  to  achieve  these  goals  by: 

•  building  model  ANCD  actuators  driven  by  micromotor  -  gear  train  combinations  capable  of 
moving  a  real  or  simulated  load  representing  e.  g.,  a  pointing  and  tracking  sensor. 
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•  developing  fabrication  techniques  based  on  methods  originated  by  JPL  for  the  integration  of 
existing  Si  lithographic  methods  with  selective  deposition  and  reactive  ion  etching  to  create 
hollow  ANCD  parts  (e.  g.,  gears  and  rotors)  of  sufficient  structural  integrity.  In  order  to 
prove  the  efficacy  of  the  proposed  hybrid  Si- ANCD  technology,  we  intend  to  minimize  some 
of  the  complications  of  micron-scale  fabrication  by  working  in  the  millimeter  to  sub¬ 
millimeter  size  range  in  the  overlapping  region  of  MEMS  and  mesoscale  MMAs  for  ease  of 
assembly  and  testing. 

•  elucidating  the  surface  chemical  properties  of  ANCD  which  controls  the  tribological  and 
electronic  performance  of  the  devices,  using  the  special  test  equipment  and  surface  engineer¬ 
ing  (lubrication )  techniques  developed  at  Hughes  Aircraft  Company  and  ANL. 

DARPA  will  inform  those  who  are  found  worthy  of  submitting  a  full  fledged  proposal,  just 
before  or  immediately  after  the  Holidays. 

9.3  Technical  Papers 

Reference  [1]  has  been  presented  and  is  now  in  press,  expected  to  be  published  early  next 
year  in  a  book  form.  Reference  [2]  will  appear  in  the  next  issue  of  Tribology  Letters.  Based  on 
the  results  of  this  Final  Report  and  the  early  P02  tests  to  be  performed  under  the  auspices  of  the 

follow-on  AFOSR  Tribology  Program  entitled:  "Surface-Chemistry-Driven  Tribological  Funda¬ 
mentals  of  Diamond  and  SiC  for  Extreme  Environment  MEMS  Applications,"  an  invited  paper  is 
now  under  preparation  for  the  Tribology  Symposium  of  the  1998  International  Conference  of 
Metallurgical  Coatings  (ICMC),  to  be  held  in  San  Diego,  CA  in  Apr.  '98.  The  tentative  title  of  the 
paper  is  "Tribological  Fundamentals  of  Polycrystalline  Diamond  Films". 
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Table  1 .  Temperature  or  temperature  range  of  well-defined  COF/MAX.COF-reduction  drops  in 
Centigrades  (°C)  with  poly-Si  in  dry  and  wet  Pur  Temperature  values  were  read  off 
the  indicated  illustrations,  as  guided  by  the  arrows  pointing  out  the  COF  reduction  regi¬ 
ons  ("drops"),  are  rounded  off  to  the  nearest  SOT.  The  re(de)construction  temperature 
peaks  that  follow  the  initial  COF  reductions  are  not  marked  by  arrows  to  avoid  con¬ 
fusion.  COF  reductions  are  indicated  either  by  a  temperature  range  or  a  discrete  value, 
when  the  drop  is  sharp.  All  temperature  peaks  are  indicated  by  a  single  value. 


DRY 


Test 

Round 

Fig.  No. 

1st  Drop 

2nd  Drop 

3rd  Drop 

Peak 

No.1 

Peak 

No.2 

Shakedown 

1  5 

None 

250-400 

Hi 

RT* 

First 

15,16 

RT 

300-400 

■■ 

800 

m 

Second 

1  7 

RT 

200-300 

550 

700 

300 

Third 

13,14 

RT 

200-550 

None 

600 

400 

AVERAGE 

N/A 

RT 

■■ 

11 

n 

Not  used  in 
t  Averaging  h 

averaging  values. 

5  not  appropriate  here. 

V 

VET 

Test 

Round 

Fig.  No. 

1st  Drop 

2nd  Drop 

3rd  Drop 

Peak 

No.1 

Peak 

No.2 

13,14 

RT 

350-400 

500-600 

850 

450 
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Table  2.  Temperature  or  temperature  range  of  well-defined  COF/MAX.COF-reduction  drops  in 
Centigrades  (°C)  with  Si(lOO)  in  dry  and  wet  Ph^-  Temperature  values  were  read  off 
the  indicated  illustrations,  as  guided  by  the  arrows  pointing  out  the  COF  reduction  regi¬ 
ons  ("drops"),  are  rounded  off  to  the  nearest  50°C.  The  re(de)construction  temperature 
peaks  that  follow  the  initial  COF  reductions  are  not  marked  by  arrows  to  avoid  con¬ 
fusion.  COF  reductions  are  indicated  either  by  a  temperature  range  or  a  discrete  value, 
when  the  drop  is  sharp.  All  temperature  peaks  are  indicated  by  a  single  value. 


DRY 


T  est 
Round 

Fig.  No. 

1st  Drop 

2nd  Drop 

3rd  Drop 

Peak 

No.1 

Peak 

No.2 

First 

1  6 

RT* 

400-500 

600-700 

800 

m 

Third 

13,14 

RT-300* 

■n 

700-800* 

800 

1  50* 

AVERAGE 

N/A 

-t 

400 

m 

800 

■ 

*  Not  used  in  averaging  values, 
t  Averaging  is  not  appropriate  here. 


WET 


T  est 
Round 

Fig.  No. 

1st  Drop 

2nd  Drop 

3rd  Drop 

Peak 

No.1 

Peak 

No.2 

1  6 

RT-150 

600-700 

800 

8  00 

n 
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Table  3.  Temperature  or  temperature  range  of  well-defined  COF/MAX.COF-reduction  drops  in 
Centigrades  (°C)  with  Si(lll )  in  dry  and  wet  Ph^  Temperature  values  were  read  off 
the  indicated  illustrations,  as  guided  by  the  arrows  pointing  out  the  COF  reduction  regi¬ 
ons  ("drops"),  are  rounded  off  to  the  nearest  50°C.  The  re(de)construction  temperature 
peaks  that  follow  the  initial  COF  reductions  are  not  marked  by  arrows  to  avoid  co¬ 
fusion.  COF  reductions  are  indicated  either  by  a  temperature  range  or  a  discrete  value, 
when  the  drop  is  sharp.  All  temperature  peaks  are  indicated  by  a  single  value. 


DRY 


Test 

Round 

Fig.  No. 

1st  Drop 

2nd  Drop 

3rd  Drop 

Peak 

No.1 

Peak 

No.2 

First 

1  6 

RT 

650 

800 

m 

Second 

1  7 

RT 

250 

400-450 

■1 

m 

Third 

13,14 

RT 

mm 

n 

RT* 

AVERAGE 

N/A 

RT 

350 

500 

m 

450 

Not  used  in 

averaging 

values. 

WET 

Test 

Round 

Fig.  No. 

1st  Drop 

2nd  Drop 

3rd  Drop 

Peak 

No.1 

Peak 

No.2 

13,14 

RT 

■■ 

750-800 

m 

m 
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Table  4.  Wear  rate  of  Si  in  dry  and  wet  Phj  during  room  temperature  (RT)  "grind"  experiments. 


Pin/Flat 

Atm./Test  Type 

Stress  (MPa) 
Start  End 

Pin  Wear  Rate 
(m3/N*m ) 

poly-Si 

dry  Ph^/RT 

430  132 

430  3.5 

1x10-1  4 
3x10-1  4 

ivef  Phj/RT 

430  10.6 

3x10-1  4 

Si(100) 

dry  Pha^RT 

430  3.3 

430  108 

3x10-1  4 
3x10-17* 

wet  Phj/RT 

430  10.6 

3x10-1  4 

dry  Pha/RT 

430  2.5 

430  2.8 

2.9x10-1  3 
8x10-1  4 

wet  Phj/RT 

430  2.5 

9x10-1  4 

*  Wear  rate  reported  to  a  larger  number  of  significant  figures  due  to 
the  extremeiy  smali  value,  see  [1]. 


Table  5.  Wear  rate  of  Si  in  dry  and  wet  Phj  during  thermally  ramped  (TR)  experiments. 


Pin/Flat 

Atm./Test  Type 

Stress  (MPa) 
Start  End 

Pin  Wear  Rate 
(m3/N*m ) 

Vac./TR 

0.8 

0.6 

1.62x10-1  2 

dry  PHa/TR 

132 

1.1 

1.27x10-1  2 

■■■■ 

wet  PHa/TR 

10.6 

2.1 

5x10-1  4 

Vac./TR 

0.8 

■a 

2.82x10-1  2 

Si(IOO) 

dry  PHa/TR 

3.3 

0.8 

6.2x10-1  3 

wet  PHa/TR 

10.6 

1.3 

1.8x10-1  3 

Vac./TR 

1.0 

0.8 

9.7x10-1  3 

Si(111) 

dry  PHa/TR 

2.5 

wsm 

1.45x10-1  2 

wet  Phj/TR 

1.8 

1x10-1  4 
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Table  6.  Wear  rate  (W)  of  unpolished  and  polished  PCD  in  vacuum  and  in  dry  Phj,  from  [2]. 

Wear  of  the  pin  tip  was  negligibly  small  after  the  dry  Phj  experiments,  therefore  the  ‘H’ 
in  wet  Phj  (attempted  with  the  previously  used  specimen)  could  not  be  determined. 


Ein 

Flat 

Stress  (MPa) 

Pin  Wear  Rate 

Atm. 

Start  End 

(m3/N*ni  ) 

PCDfine-caullfl. 

(unpolished) 

PCDfine-caulifl. 

(unpolished) 

2.9x103  300 

4.3x10-16 

8000 

vac. 

PCDc(ioo) 

(polished) 

PCDc(ioo) 

(unpolished) 

26.5  25.5 

8.5x10-16 

2200 

vac. 

PCDc(ioo) 

(polished) 

PCDc(ioo) 

(polished) 

1.7x103  8.6 

3.9x10-16 

14,000 

vac. 

-I- 

dry 

Ph2 

PCDc(ioo) 

(polished) 

PCDc(ioo) 

(polished) 

8.6  4.8 

2.2x10-16 

49,200 

dry 

Ph2 

PCDc(ioo) 

(polished) 

PCDc(ioo) 

(polished) 

1.7x103  4.8 

(averaged) 

2.6x1 0-1  6 

(averaged) 

63,200 

dry 
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Figure  1.  The  COF  of  the  various  Si  crystallinities  at  the  15  g  load  in  vacuum  and  in  Round  1 
dry  Phj  under  standard  thermal  ramping  conditions,  with  the  associated  unit  Hertzian 
stresses  calculated  by  the  wear  scar  diameters. 
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The  COF  of  the  polished  PCDc(ioo)  vs.  itself  at  28  g  load  in  vacuum  and  at  various 
levels  of  dry  under  standard  thermal  ramping. 
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Figure  3.  The  COF  and  MAX.COF  of  the  various  Si  crystallinities  at  the  15  g  load  in  dry  Phj 
under  slow  thermal  ramping  conditions,  with  the  associated  unit  Hertzian  stresses 
calculated  by  the  wear  scar  diameters. 
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Figure  4.  The  COF  of  the  polished  PCDc(ioo)  vs.  itself  at  28  g  load  in  dry  Phj,  under  slow  and 
standard  thermal  ramping  conditions. 
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Figure  5.  The  MAX.COF  of  the  polished  PCDc(ioO)  vs.  itself  at  28  g  load  in  dry  Phjj  under 
slow  and  standard  thermal  ramping  conditions.  Equivalent  COF  curves  in  Fig.  4. 
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Figure  6.  Potential  energy  diagrams  for  adsorbed  water  and  its  dissociation  products;  from  [18]. 
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Figure  7.  Enthalpy  changes  which  accompany  adsorption  and  dissociation  of  water,  referenced 
to  gas-phase  hydrogen  and  oxygen;  from  [18]. 
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Suggested  arrangements  of  -H  and  -OH  surface  groups  on  Si  after  dissociative 
chemisorption  of  water:  (a)  monohydride  with  OH  nearest  neighbor,  (b)  monohyd¬ 
ride  with  O  nearest  neighbor,  (c)  pure  monohydride,  and  (d)  dihydride.  Note  that  the 
angles  are  associated  with  the  effective  dynamic  dipole  moment  rather  than  the  geo¬ 
metric  band;  from  [28]. 
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Bridged,  hydrogen-bonded  water  clusters  bonded  to  the  hydrophilic  sites  of  a  Si 
surface;  after  [30]. 
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Figure  10.  Wear  rate  and  COF  of  PCD  films  in  various  atmospheric  environments;  from  [15], 
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Figure  1 1 .  Wear  rate  and  COF  of  PCD  films  in  distilled  water;  from  [15]. 
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Figure  12.  Water  saturation  apparatus  for  introducing  wet  Phj  into  the  SEM  tribometer. 
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Figure  13.  The  COF  of  the  various  Si  crystallinities  at  the  15  g  load  in  vacuum  and  during  the 
Round  3  dry  Ph2  and  the  only  round  of  wet  Phj  experiments,  with  the  associated  unit 
Hertzian  stresses  calculated  by  the  wear  scar  diameters. 
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Figure  14.  The  MAX.COF  of  the  various  Si  crystallinities  at  the  15  g  load  in  vacuum  and  during 
the  Round  3  dry  Ph^  and  the  only  round  of  wet  Phj  experiments,  with  the  associated 
unit  Hertzian  stresses  calculated  by  the  wear  scar  diameters.  Equivalent  COF  curves 
in  Fig.  13. 
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Figure  16.  COF  and  MAX.COF  of  the  Round  1  dry  Phj  tests  at  a  15  g  load  for  all  Si  crystallini¬ 
ties,  generated  with  prepolished  pin  tip  scars  further  ground  by  a  1000-cycle  plana¬ 
rization  procedure  performed  at  a  15  g  load;  from  [72]. 
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Figure  17.  COF  and  MAX.COF  of  the  Round  2  dry  Phj  tests  tests  at  a  15  g  load  using  poly-Si 
and  Si(l  1 1)  specimens  only,  with  prepolished  pin  tip  scars  further  ground  by  a  1000- 
cycle  planarization  procedure  performed  at  a  15  g  load;  from  [72]. 
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Figure  18.  Predicted  temperature-programmed  desorption  of  hydrogen  from  a  porous  silicon 
surface,  using  experimental  dihydride  and  monohydride  desorption  kinetics;  from 
[74]. 
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Figure  19.  Smoothed  thermal  desorption  spectra  from  H-terminated  Si(lOO).  The  temperature- 
programmed  desorption  spectroscopic  (TDS)  signatures  are  shown  for  (a)  H2  {m/e  = 
2),  0>)  CH3  (15),  (c)  CH3(CH2)3  (57),  and  (d)  CH3(CH2)3CO  (85).  The  ramp  rate 
was  10°C/s;  from  [75]. 
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Figure  20.  Measured  temperature-induced  desorption  of  hydrogen  from  (a)  an  oxygen  deficient 
silicon  grain  boundary,  (b)  an  oxygen-containing  grain  boundary;  from  [76]. 


Figure  21.  Measured  temperature-programmed  desorption  of  hydrogen  (H2)  for  as-deposited 
boron-doped,  amorphous  hydrogenated  silicon  (a-Si:H)  films  (solid  line)  and  films 
annealed  for  100  hours  at  220OC  (dash-dotted  line);  from  [77]. 
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Figure  23.  SEM  photomicrographs  of  Si  flat  wear  scars  at  lOOx  and  2000x  mags.,  after  the 
respective  15  g  load  dry  RT  "grind"  +  15  g  load  standard  thermal  ramp  experi¬ 
ments.  Photos  of  matching  pin  tip  scars  at  lOOx  mag.  in  Fig.  22. 
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Figure  24.  SEM  photomicrographs  of  Si  flat  wear  scars  at  lOOx  and  2000x  mags.,  after  the 
respective  15  g  load  wet  Pfj^  RT  "grind"  +  15  g  load  standard  thermal  ramp  experi¬ 
ments.  Photos  of  matching  pin  tip  scars  at  lOOx  mag.  in  Fig.  22. 
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Figure  25.  SEM  photomicrographs  of  Si  flat  wear  scars  at  2000x  mag.,  after  the  respective  15  e 
dry  and  wet  Ph^  RT  ’grind"  +  15  g  load  standard  thermal  ramp  experiments.  Photos 
show  typical  tensile  microcracking  of  the  respective  surfaces. 
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SEM  photomicrographs  of  Si(lOO)  pin  tip  and  flat  wear  scars  at  lOOx  and  500x 
mags.,  after  the  respective  15g  load  RT  "grind"  +  15g  load  standard  thermal  ramp 
experiments  in  vacuum. 
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Figure  29.  Typical  peak-type  PCDc(ioo)  COF  curves  taken  from  the  various  28  g  load  dry  Ph2 
standard  thermal  ramp  test  rounds  described  more  thoroughly  in  [2],  not  showing 
re(de)constructions  troughs  previously  depicted  in  Fig.  2. 
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Figure  30.  Typical  peak-type  PCDc(ioo)  MAX.COF  curves  taken  from  the  various  28  g  load  dry 
PHj  test  rounds  described  more  thoroughly  in  [2],  not  showing  re(de)constructions 
troughs  previously  depicted  in  Fig.  2.  Equivalent  COF  curves  in  Fig.  29. 


63 


TEMPERATURE  (“O  TEMPERATURE  CQ  TEMPERATURE  ("O 


in  0.2  Torr  wet  Ha  (PH2Os0.02Torr) 


973002-5  PCD 
(180  Hz) 


TRACK  #1 


[~5  MPa] 


200  400  600  eoo  1000  1200  1400  1600  1800  2000 


973002-7  PCD 
(180  Hz) 


TRACK  #3 


[~5  MPa] 


0  200  400  600  800  1000  1200  1400  1600  1800  2000 


973002-6  PCD 
(180  Hz) 


TRACK  #2 


973002-8  PCD 
(180  Hz) 


TRACK^ 


[-5  MPa] 


2(X)  400  600  800  1000  1200  1400  1600  1800  2000 


[-5  MPa] 


200  400  600  800  1000  1200  1400  1600  1800  2000 


28  g  LOAD 


Figure  31.  All  PCDc(ioO)  COF  curves  taken  from  the  28  g  load  wet  Phj  experiments. 
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Figure  32.  All  PCDc(ioO)  MAX.COF  curves  taken  from  the  28  g  load  wet  Phj  experiments. 
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Figure  33.  Temperature  programmed  desorption  spectra  (symbols)  and  first  order  fits  (solid 
lines)  off  PCD  for  initial  deuterium  coverages  of  0.27  ML  (•),  0.40  ML  (T),  0.52 
ML  (■),  and  0.57  ML  (A).  The  fit  parameters  are  Eg  =  5 1  kcal/mol  and  v  =  5  x  10”^ 
s‘i;  from  [78]. 
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Figure  34.  Calculated  coverage  of  atomic  hydrogen  on  C(IOO)  as  a  function  of  surface  tempera¬ 
ture  for  three  values  of  H  atom  flux  shown;  from  [79]. 
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Figure  35.  Thickness  of  titanium  oxide  (1)  and  silicon  oxide  (2)  layers  produced  by  surface  hyd¬ 
ration  as  a  function  of  temperature;  from  [82]. 
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Figure  36.  Schematic  representation  of  the  types  of  water  adsorbed  on  Ti02:  Type  I  is  hydrogen- 
bonded  to  surface  hydroxyl  groups,  whereas  Type  II  is  hydrogen-bonded  to  a 
bridging  oxygen  atom;  from  [83]. 
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Figure  37.  Modeled  schemes  of  surface  hydroxylations  and  partial  dehydroxylations;  from  [84]. 


67 


APPENDIX: 


M.N.  Gardos,  "Advantages  and  Limitations 
of  Siiicon  as  a  Bearing  Material  for  MEMS 
Applications,"  invited  paper  presented  at 
the  NSF/AFOSR/ASME  Workshop  Tribology 
Issues  and  Opportunities  in  MEMS,  Nov.  9- 
11,  1997,  Columbus,  OH;  to  be  published 
in  a  book  by  Kiuwer  Academic  Pubiishers 
(in  press). 


Invited  paper  presented  at  the  NSF/AFOSR  /ASME  Workshop  Tribology  Issues  and  Opportunities 
in  MEMS,  Nov.  9-11,  1997,  Columbus,  OH;  to  be  published  by  Kluwer  Academic  Publishers 

(in  press) 


ADVANTAGES  AND  LIMITATIONS  OF  SILICON  AS  A  BEARING 
MATERIAL  FOR  MEMS  APPLICATIONS 


M.  N.  GARDOS 

Hughes  Aircraft  Company,  Components  &  Materials  Laboratory 
El  Segundo,  CA  90245 


Abstract 

The  useful  life  of  rotating-sliding  Si  MEMS  moving  mechanical  assembly  (MEMS- 
MMA)  machine  elements  is  short  This  is  attributed  to  high  wear  exacerbated  by  high 
coefficients  of  friction  (COF)  measured  during  actual  micromachine  operation  and  during 
bench-top  tribometry,  even  under  the  relatively  mild  environmental  stresses  of  room- 
ambient  conditions.  A  summary  of  recent  SEM  tribometric  experiments  is  given  to 
show  that  high  friction  and  wear  are  caused  by  a  variety  of  factors  related  to  the  low  cohe¬ 
sive  energy  density  and  surface  chemistiy  of  poly-Si,  SiflOO)  and  Si(l  1 1).  Compared  to 
polycrystalline  diamond  (PCD)  films.  Si  performs  poorly  as  a  MEMS  bearing  material. 
In  partcular,  the  1.8-times  strength  of  the  C-C  bond  in  PCD  as  opposed  to  the  Si-Si 
bond  in  bulk  silicon  translates  into  more  than  10,000  times  lower  PCD  wear  rates  under 
thermal  ramping  to  850’C,  in  vacuum.  This  major  difference  in  behavior  has  been  ascri¬ 
bed  to  the  way  Si  and  diamond  interact  with  the  environment.  The  respective  material  re¬ 
moval  rates  are  controlled  by  shear-induced  surface  cracking  superimposed  by  the  adhesive 
interaction  caused  by  the  incipient  linkage  of  dangling  bonds  between  the  sliding  counter¬ 
faces,  generated  by  heating  in  vacuum  above  the  desorption  temperature  of  adsorbates. 
*^6  magnitude  of  the  COF  is  material-specific,  generally  defined  by  the  number  and  dist¬ 
ribution  of  dangling  (high  fiiction),  reconstructed  (reduced  firiction)  or  adsorbate-passivated 
Oow  fiiction)  surface  bonds,  as  a  function  of  temperature  and  the  atmosphere.  Even  in  the 
benign  atmospheric  environment  of  a  0.2  Torr  partial  pressure  of  hydrogen  gas  (PH2).  the 

COF  of  the  various  Si  crystallinities  at  the  15  g  Oow)  SEM  tribometer  load  is  as  high  or 
higher  than  in  vacuum  and  significantly  higher  than  those  of  the  PCD  under  a  28  g  load. 
There  is,  however,  a  remaikably  repeatable  reduction  in  COFgi  within  a  narrow  thermal 
range  at  that  low  load,  just  below  the  desorption  temperature  of  hydrogen,  inriirating  the 
same  type  of  heating-  and  sliding-catclyzed  dissociative  chemisorption  of  H2  previously 
observed  with  PCD.  In  contrast  with  PCD,  deconstructed  (dangling)  Si  bonds  do  not 
seem  to  react  with  H2  on  cooling,  leaving  the  COF  at  high  values.  Only  the  Si(lOO)  be¬ 
nefited  somewhat  from  Ph2  in  terms  of  some  wear  rate  reduction.  The  other  crystallini¬ 
ties  exhibited  essentially  the  same  wear  rates  in  vacuum  and  Ph2  on  thermal  ramping  to 

850*C  (near  10*^^  m^/N-m,  lO^-times  more  than  PCD),  although  the  rates  were  reduced 
during  testing  at  room  temperature  by  one  to  two  orders-of-magnitude.  These  values 
could  be  further  diminished  by  keeping  the  COFsi  the  lowest  by  staying  within  the 
250  C  to  450  C  temperature  range  of  the  tribocatalytic  reaction  region.  The  results 
indi^te  that  operating  in  the  right  thermal-atmospheric  environment  may  extend  the  life 
of  Si  MEMS-MMAs  sufficiently  for  a  variety  of  practical  applications. 


A1 


1.  Introduction 


The  production  processes  used  for  the  fabrication  of  Si*based  integrated  circuits  have  also 
been  employed  with  increasing  finesse  to  make  micron-sized  Si  mechanical  structures 
combined  with  electronic  circuitry  on  the  same  piece  of  semiconductor.  As  summarized 
in  [1-5]  and  reiterated  here,  the  useful  life  of  rotating  Si  micromachines  and  other  MEMS- 
sized  moving  mechanical  assemblies  (MEMS-MMAs)  is  not  nearly  long  enough  for  prac¬ 
tical  applications.  They  are  considered  as  demonstration  hardware  only  due  to  excessive 
wear  of  Si  exacerbated  by  high  coefficients  of  friction  (COF).  These  unsuitable  para¬ 
meters  were  measured  during  both  actual  micromachine  operation  and  bench-top  tribo- 
metry,  even  under  the  relatively  mild  environmental  stresses  ofxoom-ambient  conditions. 

This  paper  also  contains  a  brief  review  and  critique  of  the  friction  and  wear  testing 
techniques  most  often  used  to  characterize  and  screen  MEMS-MMA  bearing  materials. 
Atomic  force  microscopy,  friction  force  microscopy  or  molecular  tribometry  are  deemed 
insufficient  to  approximate  the  actual  contact  conditions  of  most  MEMS-MMAs.  To 
present  data  more  representative  of  the  conditions  and  degradation  found  in  micromecha- 
nisms,  the  results  of  recent  scanning  electron  microscope  (SEM)  tribometric  experiments 
are  summarized.  It  is  demonstrated  that  high  friction  and  wear  are  caused  by  a  variety  of 
factors  related  to  the  low  cohesive  energy  density  and  surface  chemistry  of  Si  crystallinit¬ 
ies  such  as  undoped  Si(lOO),  Si(l  1 1)  and  polycrystalline  silicon  (poly-Si).  Compared  to 
polyciystalline  diamond  (PCD)  films,  all  Si  crystallinities  perform  poorly  as  MEMS  bea¬ 
ring  materials.  In  particular,  the  L8-times  strength  of  the  C-C  bond  in  PCD  as  opposed 
to  the  Si-Si  bond  in  bulk  silicon  translates  into  more  than  10,000  times  lower  PCD  wear 
rates  under  thermal  ramping  to  850*C,  in  vacuum.  The  extraordinarily  low  wear  of  PCD 
is  surprising  in  view  of  its  flexural  strength  being  only  20-times,  the  hardness  10-times 
and  the  fracture  toughness  about  5-times  higher  than  those  of  Si. 

This  major  difference  in  behavior  has  been  ascribed  to  the  way  Si  and  PCD  interact 
with  the  environment.  The  respective  material  removal  rates  are  controlled  by  shear- 
induced  microcracking  of  the  relatively  low  tensile  strength  surfaces.  The  dominant 
failure  mode  is  the  drastically  increased  adhesive  interaction  via  the  incipient  linkage  of 
dangling  a  bonds  between  the  sliding  counterfaces,  especially  above  the  desorption  tempe¬ 
rature  of  adsorbates  in  vacuum.  The  magnitude  of  the  COF  is  material-specifrc,  generally 
defined  by  the  number  of  dangling  (high  friction),  reconstructed  (reduced  friction)  or  ad¬ 
sorbate-passivated  Oow  friction)  surface  bonds  as  a  function  of  temperature  and  test  atmo¬ 
sphere. 

New  SEM-tribometric  results  are  also  given  in  this  paper,  indicating  that  Si  micro¬ 
machine  elements  operated  in  the  right  thermal-atmospheric  environment  may  result  in 
much  longer  MEMS-MMA  lifetimes,  without  having  to  apply  self-assembled  mono- 
layers  as  lubricants.  A  remarkably  repeatable  reduction  in  COF  and  wear  of  all  examined 
Si  crystallinities,  in  a  narrow  temperature  range  just  below  the  thermal  desorption  tempe¬ 
rature  in  a  low  partial  pressure  (0.2  Tort)  of  hydrogen  (PH2)»  to  be  advantageous. 

It  is  hypothesized  that  in  this  limited  regime,  heating-  and  rubbing-catalyzed  dissociative 
chemisorption  of  molecular  hydrogen  turns  H2  into  an  atomic-level  lubricant. 
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2,  Current  State  of  Si  MEMS-MMA  Improvements 

To  date,  measures  aimed  at  mitigating  the  high  COF  and  wear  of  Si  for  MEMS  applica¬ 
tions  included  (a)  implantation  with  carbon  [6],  boron  [7,8]  or  phosphorus  [8]  ions,  (b) 
dry  oxidative  generation  or  CVD  deposition  of  Si02  [8],  and  (c)  coating  Si  with  thin 
laye^  of  metals  such  as  Ag,  Cu,  Sn  or  Zn  [10].  TTiese  methods  have  been  offered  as 
partial  solutions  to  the  tribological  misbehavior  of  Si  MEMS-MMAs,  despite  the  fact 
diat  oxidized  Si  surfaces  are  hydrophihc.  Hydrated  surfaces  and  capillary  water  cause  high 
"stiction**  (bre^-away  friction  force)  in  micromotors  [1 1].  Replacement  of  Si  with  bare- 
metallic  bearing  surfaces  (e.g.,  LIGA-processed  Ni  coatings  deposited  on  the 
microelements)  also  resulted  in  extremely  high  jfriction  and  wear  [12]. 

Some  promise  has  been  shown  by  recently  fabricated  electrostatic  micromotors  spun 
up  to  >100,000  rpm,  using  metals  and  polymers  as  bearings.  However,  lifetimes  greater 
than  6  months  could  be  achieved  only  when  the  speeds  were  reduced  to  10,000  rpm  [13]. 
Yet,  in  many  applications,  sufficiently  high  drive  torques  can  only  be  provided  by  much 
higher  rotational  velocities  to  compensate  for  the  small  rotor  mass.  By  appropriately 
designing  the  involute  profiles  of  Si  microgears,  Sniegowski  [14]  reported  >2.3x10^ 
revolutions  with  66,300  start/stop  cycles  for  gear  trains  driven  at  200,000  rpm,  in  air.  If 
such  high  speeds  were  a  design  requirement  for  the  performance  of  a  MEMS  motor  and 
ge^  trmn  ^sembly,  the  time  of  continuous  operation  before  failure  would  be  only  8  days. 
Tins  still-impressive  achievement  represented  the  best  results  among  several  attempts, 
with  other  gear  trains  failing  after  much  shorter  periods  of  time.  No  adequate  explanation 
was  given  for  the  lack  of  repeatability. 

At  first  glance,  a  simple  solution  is  to  hydrogenate  all  the  Si  surface  bonds  before 
use  [15].  This  techmque  might  be  useful  for  static  release  applications  in  the  absence  of 
prolonged  ^ntact  with  water  vapor,  but  it  cannot  provide  repassivation  of  the  wear-gene- 
i^ed  dangling  bonds  throughout  the  tribological  process.  Another  way  of  lengthening  the 
hfe  of  Si  MEMS-MMAs  appears  to  be  the  application  of  hydrophobic,  self-assembled 
(low  surface  energy)  monolayers  on  the  bearing  surfaces  [11,16-19].  Again,  for  static 
rele^e  applications  this  may  be  fine,  but  in  the  sliding  or  rolling  mode  the  tribooxidative 
stability  of  these  thin  (mostly  hydrocarbon-based)  lubricating  films,  especially  with  their 
degra(mtion  catalyzed  by  active  surface  sites  at  elevated  flash  (and  environmental)  tempera- 
tmes.  is  in  question.  Also,  as  enumerated  in  [19],  some  of  these  layers  are  incompatible 
with  (^rtain  MEMS  materials  of  construction.  The  presence  of  Si02  is  tribologically 
un^sirable,  because  stiction”  is  caused  by  hydrogen  bonded  or  capillary  water  tr^ped 
within  ihe  beanng  interfaces.  The  formation  of  surface  silica  is  exacerbated  by  enhanced 
tnbooxidation  of  Si  when  water  vapor  is  there. 

The  presence  of  Si02  is  ubiquitous.  It  is  either  an  integral  part  of  the  MEMS  fabri¬ 
cation  process  or  an  unavoidable  byproduct  generated  during  handling,  storage  or  operation 
of  Si-based  MEMS-MMAs,  even  if  only  in  room  temperature  air  and  humidity.  The 
rabbing-enhanced  reaction  of  Si  with  water  vapor  to  generate  =Si-OH  groups  at  the  inter¬ 
face  changes  both  the  chemistry  and  the  moq)hology  of  the  surfaces.  It  is  the  precursor  of 
oxide-hydroxide  wear  debris  formation.  In  spite  of  the  "lubricating"  effects  of  high  partial 
pressures  of  water  previously  shown  to  provide  low  friction  via  the  mechanism  of  Si 
SiOH  Si02  -»  hydrated  Si02  during  bench-top  tribometry  at  RT  [20],  the  MEMS 
literature  is  awash  with  reports  of  the  harmful  effects  of  ordered  molecular  layers  of  hydro¬ 
gen-bonded  H2O  or  worse,  capillary  (bulk)  water  and  grease-like  hydrated  silica  trapped 
within  the  exceedingly  small  clearances  of  Si  MEMS-MMAs. 
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Friction-induced  energy  dissipation  on  the  atomic-molecular-scale  and  the  lubrication 
of  solids  with  low  shear  strength  surfactant  monolayers  in  benign  environments  are  rea¬ 
sonably  well  understood  [21,22].  Nevertheless,  the  application  of  this  knowledge  towards 
reducing  the  high  stiction/friction  of  Si-based  MEMS-MMA^devices  is  scarce,  even  for 
^plications  at  RT.  Instead,  more  attention  has  been  paid  to  mitigating  the  problem  by 
reducing  the  real  area  of  contact  (Aj-)  through  a  controlled  increase  of  surface  microrough¬ 
ness  [23-30],  This  methodology  is  presently  used  with  computer  hard  discs.  Microsco¬ 
pic  texture  mazics  are  purposely  stamped  on  the  disc  to  reduce  Af  between  it  and  the  head, 
and  thus  mitigate  stiction  during  head  lift-off  and  touchdown,  i.e.,  start-up  and  shut-down 
of  the  computer  [23].  Nanoscale  scribing  of  Si  microbearing  surfaces  to  reduce  A^  with 
some  control  (similar  to  efforts  with  computer  discs)  has  also  been  attempted  [28].  In 
both  macroscopic  [27]  and  microscopic  [4]  tribosystems,  surface  pores  and  asperity 
valleys  act  as  debris  traps.  The  depressions  keep  abrasive  debris  away  from  the  load¬ 
carrying  Ax*. 

Even  though  surface  roughness  is  an  important  parameter,  the  stiction/friction- 
increasing  or  reducing  effects  of  any  interfacial  layer  (unavoidably  generated  by  triboche- 
mical  reactions  with  atmospheric  adsorbates  or  purposely  preapplied  as  a  lubricant)  cannot 
be  considered  separately  from  the  roughness  [30,31],  The  main  reason  is  embodied  in  the 
simple  and  well-known  equation  =  Xs-Af,  where  F^  =  friction  force,  and  Tj  =  shear 
strength  of  the  surface  layer  (Aj-  as  previously  defined).  Both  Xs  ^^st  be  control¬ 

led  simultaneously.  Electrostatic  effects,  which  also  have  to  be  taken  into  account  as  a 
contributing  factor  to  the  residual  adhesion  and/or  repulsion  of  MEMS  surfaces  in  contact, 
are  closely  related  to  asperity  height  and  shape  as  well  as  charge  bleed-off  [29,31].  The 
interaction  of  all  these  parameters  is  complex.  Even  the  most  thoroughly  constructed 
predictive  models  can  deal  with  well-defined,  statically  contacting  surfaces  only  [31],  The 
initial  conditions  change  radically  with  progressive  wear,  rendering  the  practic^ity  of  such 
models  for  operating  MEMS-MMAs  questionable. 

These  problems  stand  unresolved.  To  make  matters  worse,  current  research  on  ad¬ 
vanced  MEMS  still  use  Si  almost  exclusively  for  MMA  construction  [13,14,32].  The 
troubling  status  of  MEMS  bearing  materials  is  well-represented  by  the  tacit  admission  in 
[32]:  "....Silicon  was  selected  as  the  bearing  material  for  its  micromachinability,  although 
it  is  not  necessarily  the  ultimate  material  of  choice  for  micromachine  bearing  compo¬ 
nents."  The  problem  of  rapid,  wear-out  and  high  friction  remains  pervasive,  because  the 
vast  majority  of  these  MEMS-MMA  devices  arc  still  based  on  Si  due  to  the  technolo¬ 
gical  know-how  accumulated  on  manipulating,  machining  and  manufacturing  this  widely 
used  microelectronics  material.  The  fact  is  that  very  few  of  the  practical  MEMS  incorpo¬ 
rate  sliding  or  rolling  parts  under  load,  because  their  wear  lives  are  not  long  enough.  Yet, 
in  many  cases,  dynamic  (tribological)  assemblies  such  as  a  single  micromotor  can  do  the 
same  job  better  than  a  large  array  of  static  devices  [14, 33-38]. 


3.  Tribometric  Characterization  of  MEMS-MMA  Bearing  Materials 

At  the  present  time,  atomic  force  microscopy/friction  force  microscopy  (AFM/FEM)  [39] 
and  molecular  tribometry  (MT)  [40-43]  are  most  often  used  or  recommended  for  approxi¬ 
mating  MEMS-MMA  conditions  by  bench-testing  in  the  lab.  Even  a  cursory  review  of 
the  systems  aspects  of  this  approach  indicates  that  AFM/FFM  and/or  MT  may  be  ne¬ 
cessary  but  are  not  sufficient  for  the  task.  The  surface  behavior  of  those  MEMS  micro- 
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elements  which  move  (but  just  bend  or  twist)  or  even  if  they  touch  a  counterface  (e.g.,  in 
sensors,  membrane  pumps  or  microtwcezers)  is  vastly  different  from  those  that  slide-roll 
under  surprisingly  high  Hertzian  stresses  (e.g,,  in  micromotors  and  actuators).  Tribo- 
meters  must  be  able  to  reveal  the  adhesive  and  friction  forces  as  well  as  the  realistic 
surface  damage  (wear)  resulting  from  these  particular  contact  conditions.  Tlie  essential 
differences  lie  in  the  presence  or  absence  of  shear  under  load  and  the  associated  roughening 
of  the  worn  bearing  surfaces  and  the  formation  of  wear  debris,  all  in  the  presence  of  che¬ 
mical  bonds  ranging  from  the  weak  van  der  Waals  to  strong  covalent  bonding  affected  by 
the  environment  The  combined  macroscopic  effects  of  hydration,  capillary  and  electro¬ 
static  forces  are  superimposed  on  the  compaction,  plowing  and  rejection  of  wear  debris 
from  the  contacts  and  the  attendant  loss  of  tolerances  by  wear: 

In  nearly  all  MEMS-MMAs  the  interaction  is  within  area  contacts,  under  a  variety 
of  normal  loads.  As  an  example,  the  16%  wear-induced  increase  in  just  5  minutes  of  the 
originally  28  pm  inside  (bearing  hole)  diameter  of  an  air-driven,  Si  microturbine  wheel 
driving  nothing  but  itself  at  150,000  rpm  [44]  is  not  approximated  by  the  action  of  a 
sharp  AFM/FTM  Si,  diamond  or  any  other  tip  brought  close  to  a  highly  flat  Si  surface. 
On  the  other  hand,  the  hydrogen-bonding-induced  hydration  forces  causing  MEMS  stiction 
failures  such  as  Si  microtweezers  not  being  able  to  completely  release  sapphire  micro¬ 
beads  [29]  or  other  similar  adhesion  problems  related  to  handling  of  microparts  [45]  can 
be  quantified  by  AFM/FFM  [46].  Significant  differences  have  been  shown  between  thin 
hydrocarbon  or  fluorocarbon  lubricant  layers  serving  as  stiction-reducing  surface  films 
[47].  A  properly  instrumented  AFM/FFM  tip  can  help  determine  (a)  the  shear  strength  of 
an  M0O3  island  displaced  laterally  on  a  basal  plane  of  M0S2  or  those  of  (b)  a  Nb203 
island  similarly  sheared  off  its  own  disulfide  basal  plane  [48,49],  or  (c)  a  CgQ  buckyball 
island  sheared  on  the  basal  plane  of  graphite  [47,50]. 

As  to  present-day  MT  apparatus,  tfieir  crossed-cylinder  contacts  invariably  consist  of 
mica.  Although  the  Hertzian  contact  area  and  the  related  unit  stress  are  controlled  better 
than  those  of  an  AFM  tip  occasionally  penetrating  (scratching)  the  counterface  on  pur¬ 
pose,  mica  is  not  a  MEMS-MMA  bearing  material.  Molecular  tribometry  is  of  little  use, 
unless  the  surface  energy-related  friction  of  ultra-thin  fluid  lubricant  layers  deposited  on 
mica  are  the  data  of  interest  [43]. 

Therefore,  at  interfaces  where  the  degree  of  adhesion  ("stiction"  or  repulsion)  of 
essentially  statically  contacting  surfaces  is  the  critical  value  for  MEMS  operation, 
AFM/FFM  is  useful.  Even  MT  might  be  applicable,  provided  the  specimen  materials 
were  changed  from  mica  to  more  realistic  candidates  (e.g..  Si).  It  is  essential  to  recognize 
that  the  performance  of  macroscopic  sliding-rolling  interfaces  is  controlled  by  adhesion, 
friction  and  wear  in  a  load  range  where  Amonton's  Law  is  followed.  In  nanotribometry, 
the  friction  force  is  not  linearly  proportional  to  the  normal  load,  however  [51].  Approxi¬ 
mating  MEMS-MMA  bearing  surface  behavior  at  a  bench  top  level  needs  more  suitable 
test  machines. 

The  scanning  electron  microscope  (SEM)  tribometer  schematically  described  in  Fig. 
la  was  specially  designed  and  constructed  to  fill  the  gap  between  an  AFM/FFM  or  MT 
and  a  benchtop-type,  conventional  friction  and  wear  tester.  Its  primary  purpose  has  been 
to  help  reveal  tribological  effects  of  bearing  material  surface  chemistry  influenced  by 
elevated  temperatures  and  various  gas  atmospheres,  under  realistic  engineering  Hertzian 
stresses.  Transcending  the  microscopic  region  into  the  macroscopic  regime,  a  small  (7 
mm  X  5  mm  x  2  mm)  flat  is  oscillated  against  a  hemispherically  tipped  and  dead-weight- 
loaded  pin  (2  mm  dia.),  either  in  the  vacuum  of  the  SEM  column  (-1  x  10"^  Torr;  over 
90%  water  vapor  in  the  residual  gas  atmosphere  at  room  temperature)  or  in  a  lidded,  Knud- 
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Figure  1.  The  SEM  tribometer:  (a)  tester  schematic,  and  (b) 
an  idealized  friction  trace  depicting  twice  the  COF  and 
MAX.COF  about  the  zero  friction  baseline  during  oscillatory 
sliding.  MAX.COF  values  are  not  reported  in  this  paper. 

sen  cell-like  subchamber  backfilled  and  purged  with  low  partial  pressures  of  selected  gases 
such  as  H2,  He,  N2  and  02-  Depending  on  the  modulus,  Poisson's  ratio  and  wear  rate  of 
the  specimen  materials,  the  Hertzian  contact  stresses  range  from  GPa  to  MPa  (from  many 
thousands  to  hundreds  of  psi)  values.  The  flat  may  be  held  at  RT  or  heated  to  as  high  as 
-1100*C  during  tribometry.  The  normal  load-force  and  the  average  friction  force  are 
logged  and  converted  to  the  average  coefficient  of  kinetic  friction  (designated  as  COF  in 
the  present  paper,  see  Fig.  lb)  by  a  tabletop  computer  using  commercial  data  logging  and 
analysis  software.  This  apparatus  has  been  employed  to  test  SiC  and  intercalated  gra¬ 
phites  [51],  substoichiometric  rutile-based  lubricious  oxides  [51-56],  M0S2  [57,58], 
carbon-graphite  seal  materials  [59,60],  as  well  as  Si  and  PCD  for  MEMS-MMA  bearing 
material  applications  [1-5]. 
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4,  SEM  Tribometry  of  Si  in  Vacuum  and  Hydrogen 

SEM  tribometric  data  are  presented  here  on  poly-Si,  Si(lOO)  and  Si(lll)  (a)  heated  to 
850*C,  then  cooled  to  room  temperature  (RT)  at  a  relatively  rapid  (40*Cyinin)  thermal 
ramping  rate  in  -1.33  x  10’^  Pa  =  1  x  10"^  Torr  vacuum  (over  90%  residual  H2O),  fol¬ 
lowed  by  similar  experimentation  in  26  Pa  (0.  2  Torr)  partial  pressures  of  99.999%-pure 
H2  (PH2)»  (^)  slowly  thermal-ramped  to  adsorbate  (hydrogen)  desorption  temperatures  in 
PH2»  (^)  during  sliding  in  Ph2-  Mainly,  we  wanted  to  examine  the 

possibility  of  using  molecular  hydrogen  as  an  atomic  level  lubricant,  chemisorbed  on  the 
dangling  bonds  generated  on  rubbed  Si  surfaces. 

The  most  promising  analogous  experiments  to  date  have  shown  that  H2  became  dis- 
sociatively  chemisorbed  on  PCD  in  certain  temperature  ranges,  providing  the  lowest  COF 
measured  with  PCD  sliding  against  itself  [4].  The  wear  rates  in  vacuum  and  in  PH2  were 

in  the  low  10"^^  m^/Nm  regime,  about  10^-times  less  than  those  of  the  various  Si  crys¬ 
tallinities  examined  in  vacuum.  According  to  the  basic  hypothesis  governing  the  funda¬ 
mental  tribological  behavior  of  diamond  and  Si  described  in  [1-4],  the  degree  of  wear  is 
controlled  by  high  COF-induced  surface  (tensile)  cracking  directly  resulting  from  the 
extent  of  the  adhesive  interaction  caused  by  the  incipient  linkage  of  dangling  bonds 
between  the  sliding  counterfaces. 

TTie  magnitude  of  adhesive  COF  of  PCD  and  Si  are  essentially  defined  by  the  num¬ 
ber  of  dangling  (high  friction),  reconstructed  (reduced  friction)  or  adsorbate-passivated  (low 
friction)  surface  bonds.  Incipient  linking  of  the  sliding  counterfaces  by  unsaturated  bonds 
on  heating  to  sufficiently  high  temperatures,  and  their  passivation  by  benign  adsorbates 
on  cooling,  have  been  suggested  as  the  mzdn  causes  of  radically  increased  and  reduced 
adhesion  and  friction,  respectively.  Strong  circumstantial  evidence  has  also  been  repeat¬ 
edly  given  for  a  trough-like  "bathtub”  curve  dip  in  the  COF  at  the  highest  temperatures, 
attributed  to  surface  re(de)construction.  Continued  heating  of  the  progressively  degased 
and  worn  PCD  and  Si  surfaces  in  vacuum  appears  to  dimerize  the  dangling  bonds  to  lower 
the  surface  energy,  unhindered  by  the  ongoing  tribological  action.  However,  once  the 
heating  stops  and  the  rubbed  surfaces  cool  below  a  certain  temperature,  the  loss  of  activa¬ 
tion  energy  needed  to  keep  the  bonds  reconstructed  causes  a  significant  rise  from  the 
deepest  part  of  the  COF  trough  due  to  deconstruction.  This  rise  culminates  in  another 
COF  peak,  where  the  surface  adsorbates  rapidly  passivate  the  reappearing  dangling  bonds 
to  lower  the  COF  once  more  on  further  cooling  to  RT.  The  best  examples  of  such  ideal 
stepfunction-with-trough  COF  signatures  to  date  have  been  generated  during  SEM  tribo- 
metiy  of  the  mechanically  polished  and  hot  chromic  acid-cleaned,  C(100)-textured  PCD 
films  [4],  These  layers  were  sliding  against  each  other  under  thermally  ramped  conditi¬ 
ons,  both  in  -1x10'^  Torr  vacuum  and  in  low  PH2  (Fig-  2).  The  offset  of  the  peaks 

between  COF  trough  (the  first  forms  at  a  higher  temperature  than  the  second)  was  attribu¬ 
ted  to  the  known  thermal-atmospheric  stability  of  the  reconstructed  surfaces. 

During  SEM  tribometry  to  -800*C  and  cryogenic  wear  testing  of  well-characterized 
amorphous  and  turbostratic  carbons  sliding  against  a-SiC  in  vacuum,  PH2  and  Phc  also 

showed  that  a  0.2  Torr  Ph2  environment  was  particularly  able  to  reduce  the  room 
temperature  COF  and  wide  temperature  range  wear  rate  of  these  materials  [59-61].  This 
reduction  was  attributed  to  their  low  sp^/sp^  ratio  and  the  passivation  of  a  significant 
number  of  dangling  carbon  a  (and  7C)  bonds  on  the  wear-tom  surfaces. 
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Figure  2.  Typical  stepfunction-with-re(dc)construction  trough  COFpcD  signatures 
generated  by  SEM  tribometry  in  vacuum  and  partial  pressure  of  hydrogen;  from  [4]. 

If  the  dangling  (but  less  energetic)  Si  a  bonds  generated  on  the  sliding  counterfaces 
were  also  able  to  break  the  stable  H-H  bonds  to  create  the  reactive  hydride  intermediates 
and  hydrogen  radicals  needed  for  surface  passivation,  both  the  high  COF  and  the  frictional 
tensile  stress-induced  cracking  (i.e.,  incipient  wear)  could  be  mitigated.  This  way,  artifi¬ 
cial  generation  of  the  reactive  hydrogen  species  in  the  vicinity  of  MEMS-MMAs  e.g., 
with  hot  filaments  or  UV  lamps  (convoluted  and  potential  harmful  techniques  not  readily 
tailorable  to  the  task  at  hand  [62])  would  be  avoided.  MEMS-MMAs  fabricated  from  Si 
might  then  be  transplanted  from  the  narrow  realm  of  demonstration  mechanisms  into  the 
ranks  of  practical  hardware. 

As  a  secondary  benefit,  operating  rapidly  spinning  MEMS  components  in  low  Ph2 
could  reduce  the  extent  of  wind  resistance  they  normally  suffer  in  atmospheric  air  or  high 
Pgas-  Instrument  (ball)  bearing-operated  gyroscopes  are  routinely  rotated  in  low  Phc  to 
mitigate  such  par^itic  viscous  losses  [63].  Inasmuch  as  the  diffusivity  of  molecular  hyd¬ 
rogen  through  poly-  and  single-crystal  Si  is  low  [64-67],  hermetic  enclosure  of  ultrahigh 
speed  microrotors  in  low  Ph2  is  feasible. 

4.1.  TEST  METHODOLOGY 

During  the  low-load  (15  g  =  0.15  N)  Si  vacuum  experiments  more  thoroughly  described 
in  [1,2],  each  test  was  started  at  RT,  followed  by  heating  to  850*C  at  a  40*C/min 
ramping  rate.  From  there,  the  flat  was  cooled  at  the  same  rate  to  near  RT.  Each  test 
lasted  for  2000  cycles  in  vacuum  (~1  x  10"^  Torr  of  the  SEM  column).  A  pin  was  tested 
four  times:  twice  against  one  flat  on  progressively  fresh  test  paths  starting  at  a  15  g  (the 
lowest  reliable)  normal  load,  in  two  pumpdown  and  backfill  cycles.  After  the  first  test, 
the  flat  was  moved  sideways  with  a  second,  built-in  x-y  stage  housing  the  heater  to  ex¬ 
pose  a  fresh  wear  path  for  the  second  test  The  first  two  tests  yielded  usable  wear  rate  (^ 
data,  but  only  unreliable  COF  signatures  due  to  the  high  initial  wear  of  the  pin.  These 
experiments  were  followed  by  (a)  disassembly,  photomicrography  and  HF+H2O  etch/rinse 
cleaning  of  the  used  pin  and  a  new  flat  (also  to  simultaneously  achieve  complete  hydroge¬ 
nation  of  the  surface  bonds),  and  (b)  two  additional  tests  with  the  used  pin  against  fresh 
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wear  tracks  in  separate  pumpdown  cycles.  Repeated  testing  with  the  same  pin  but  several 
successive  wear  paths  on  two  flats  were  found  necessary  to  enlarge  the  wear  scar  and  to 
mitigate  the  effects  of  excessive  wear  debris  formation  and  plowing  of  the  compacted  deb¬ 
ris  into  furrows.  These  approaches  were  needed  to  provide  the  largest  and  most  debris-free 
i^parent  and  real  areas  of  contact  (Aapp  and  Aj-)  for  clearer  COF  signatures  that  are  foot¬ 
prints  of  the  varying  magnitudes  of  adhesion  at  the  atomic  level. 

During  the  following  three  rounds  of  Ph2  l®sts,  we  tried  several  techniques  to  elimi¬ 
nate  the  need  for  the  two  starting  experiments  with  each  Si  specimen  pair.  These  initial 
tests  were  only  used  to  enlarge  the  wear  scars.  During  the  fourth  round,  slow  thermal 
ramping  was  performed  to  the  temperature  signalling  the  mass  desorption  of  hydrogen  to 
confirm  a  remarkably  repeatable  reduction  in  COF  found  during  the  first  three  rounds. 
The  lowest  COFsj  ever  measured  appeared  in  a  narrow  thermal  range  immediately  prece¬ 
ding  this  temperature  of  sudden  COF  increase.  The  within  this  beneficial  region  was 
also  measured  and  compared  to  the  obtained  during  (a)  conventional  high  temperature 
(850*C)  thermal  ramping  in  vacuum  and  in  Ph2»  and  (b)  the  RT  “grinds"  in  Ph2-  Since 
it  is  unlikely  that  silicon  would  serve  in  MEMS  anywhere  near  850*C  in  any  atmo¬ 
sphere,  the  SEM-tribometric  lvalues  determined  at  RT  are  deemed  more  representative 
of  the  ^found  with  conventional  Si  MEMS-MMAs. 

4,LL  First  Round  (Room  Temperature  *‘Grind'*  and  Standard  Thermal  Ramp  in  PH2) 

Here,  scars  equivalent  to  some  minimum  size  were  prepolished  on  the  tip  in  an  attempt  to 
shorten  the  overall  procedure.  The  prepolished  pin  and  its  mating  flat  were  (HF+H2O)- 
rinsed  to  hydrogenate  the  surface  bonds  before  testing.  Next,  the  plane-parallelism  of  each 
artificial  "scar"  mated  to  its  flat  still  had  to  be  assured  by  a  1000-cycle  "grind"  under  the 
15  g  =  0.15  N  load,  before  the  first  real  test  was  performed  under  the  same  load  in  an 
unbroken  PH2  atmosphere.  As  explained  before,  two  marginally  useful  "grinding"  tests 

had  to  be  performed  first  during  the  previous  vacuum  tests  before  any  valid  COF  results 
could  be  generated. 

The  seating  "grind"  in  PH2  ^^is  done  only  after  several  pumpdown  and  backfill 
cycles  with  99.999%-pure  H2  issued  from  a  lecture  bottle,  following  the  procedure  deline¬ 
ated  in  [4].  The  lidded  tribometer  subchamber,  with  its  own  separate  mechanical  vacuum 
pump  continually  removing  the  admitted  H2,  was  repeatedly  purged  at  gas  pressures  low 
enough  so  that  the  turbomolecular  pump  of  the  SEM  column  could  handle  the  spill-over 
H2  load  emanating  through  the  pinhole  of  the  subchamber  lid.  The  thorough  H2  purge 
cycles  removed  as  much  residual  air  and  moisture  as  possible  mainly  by  momentum 
transfer,  without  having  to  bake  the  subchamber.  After  "grinding",  the  flat  was  moved 
sideways  with  a  second  motorized  stage  to  expose  a  new  wear  path  for  the  first  15  g  test, 
without  disturbing  the  PH2  atmosphere.  As  in  [4],  SEM  imaging  was' not  done  in  PH2 

to  preclude  any  H-H  bond-breaking  or  desorption  assist  by  the  e-beam. 

It  was  found  after  Round  1  with  all  three  Si  crystallinities  that  the  slight  shift  of 
each  wear  scar  on  the  flat  that  suddenly  developed  due  to  the  equally  slight  (but  never¬ 
theless  detrimental)  wobbling  of  the  oscillating  sample  stage.  No  sharp  scar  boundaries 
were  on  the  flat.  Since  both  the  "grind"  and  the  following  test  were  done  in  an  unbroken 
PH2  atmosphere  with  no  disassembly  and  photography  in-between,  well-defined  bounda¬ 
ries  were  essential  for  accurate  estimation  of  As  an  additional  problem,  the  1000- 
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cycle  "grind"  did  not  render  the  artiricial  scar  sufficiently  plane<parallel  with  the  flat,  des¬ 
pite  of  the  otherwise  good  alignment  of  the  pin  secured  in  its  well-fitting  holder.  For 
these  reasons,  the  Round  1  tests  generated  valid  COF  results,  but  ‘M^could  not  be  calcula¬ 
ted  with  confidence. 

4J.2.  Second  Round  (Room  Temperature  **Grind'*  and  Standard  Thermal  Ramp  in  PH2) 

The  observations  during  Round  2  and  photography  of  the  worn  specimens  indicated  again 
that  prepolishing  the  starting  pin  tip  scars  did  not  work  as  well  as  originally  anticipated. 
Furthermore,  relubricating  the  main  stage  jackscrew  could  not  completely  eliminate  the 
stage  wobble  problem.  Therefore,  the  estimation  of  reliable  'll'data  was  again  prevented, 
although  some  good  COF  curves  (not  reported  here),  similar  to  those  in  Round  1,  were 
generated. 

4.L3.  Third  Round  (Room  Temperature  **Grind**  and  Standard  Thermal  Ramp  in  PH2) 

"Grinding"  at  RT,  but  only  for  2000  cycles  (2000  cycles  less  than  in  vacuum)  was  tried 
again  in  the  hope  that  less  (and  less  harmful)  debris  would  be  caught  between  the  counter¬ 
faces  in  Ph2  than  in  vacuum.  This  procedure  did  provide  a  starting  pin  tip  scar  large  and 

debris-free  enough  (although  not  as  large  as  those  worn  in  vacuum  or  the  prepolished 
scars  during  the  first  two  rounds  in  PH2)  meaningful  COF  data  for  ^e  immedi¬ 

ately  following  thermal-ramp  test.  We  also  developed  an  accurate  scar  width  measurement 
procedure  after  the  "grind"  to  allow  the  estimation,  for  the  first  time,  of  ^in  RT  PH2* 

Knowing  the  "ground"  scar  size  on  the  pin  tip  further  permitted  the  calculation  of  ^du¬ 
ring  the  thermal  ramp  test  that  followed.  It  was  discovered  that  the  pin  could  be  removed 
and  reassembled  from/into  the  friction  force  transfer  arm  for  photography  after  "grind" 
without  losing  conformity  between  the  pin  scar  and  the  flat.  The  close  tolerances  of  the 
pin  holder's  tightly-fitting  dovetail  that  slides  securely  into  the  end  of  the  arm  may  have 
been  responsible  for  this  serendipitous  find.  However,  disassembly  had  to  be  followed  by 
another  pump-and-purge  cycle,  introducing  an  added  time  penalty  to  the  new  procedure. 

The  wear  scar  measurement  problem  was  resolved  by  this  revised  procure.  How¬ 
ever,  the  slight  but  persistent  stage  wobble  and  the  resulting  smearing  of  the  wear  scars 
on  the  flat  to  a  width  greater  than  the  width  of  the  pin  tip  scar  were  still  not  eliminated. 
Additional  testing  revealed  that  the  wobble  of  the  oscillating  stage  was  not  caused  by  re¬ 
duced  lubrication  or  increasing  wear  of  its  jackscrew.  It  was  the  activation  of  the  second 
stage,  used  to  move  the  flat  sideways  between  tests  without  breaking  atmosphere,  that 
imparted  the  skewed  motion  of  the  flat  during  the  next  experiment.  An  inexplicably 
developed  backlash  of  the  drive  gears  and/or  the  jackscrew  of  the  secondary  stage  seemed 
to  have  affected  the  behavior  of  the  primary  stage.  Even  though  this  problem  no  longer 
prevented  the  measurement  of  the  pin  tip  ‘M^due  to  the  newly  devis^  tip  removal  and 
photographic  technique  after  "grinding",  the  wobble  was  nevertheless  circumvented  by 
manually  moving  the  flat  sideways  to  expose  a  fresh  track  for  the  next  test  on  the  same 
flat  *nie  second  motorized  stage  originally  designed  for  the  job  was  simply  not  activated. 
Inasmuch  as  the  pin  had  to  be  removed  for  post-"grind"  photography  anyway,  repositi¬ 
oning  the  flat  in  its  holder  and  tightening  it  down  against  the  heater  strip  simply  became 
part  of  the  overall  test  procedure.  As  a  result  the  pin  scar  width  could  be  reconciled  with 
the  scar  widths  on  the  flat  and  Round  3  yielded  the  best  Si  friction  and  wear  results  gene- 
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rated  in  Ph2  to  date.  It  also  gave  the  first  set  of  reliable  RT  lvalues  measured  during 
the  initial  "grind"  cycles,  in  Ph2- 


4.1.4.  Fourth  Round  (Room  Temperature  "Grind"  and  Slow  Thermal  Ramp  in  Pf{2) 

Using  ad-hoc  thennal  ramping  procedures  tailored  to  the  general  friction  behavior  of  each 
Si  crystallinity,  the  temperature  of  the  flats  was  slowly  raised  to  the  point  of  drastic  COF 
increase.  We  aimed  to  duplicate  the  unusual  COF  reduction  in  this  apparently  beneficial 
thermal-atmospheric  regime,  and  show  a  possible  parallel  reduction  in  'W.  The  RT 
"grind"  cycles  preceding  the  slow-ramp  procedures  were  also  meant  to  yield  additional  RT 
‘W' values,  complementing  those  measured  during  the  Round  3  "grinds". 


5.  Test  Results 
5.1.  FRICTION  DATA 

The  COF  of  the  Si  crystallinities  measured  in  vacuum  and  those  obtained  during  the 
Round  1  Ph2  tests  are  compared  in  Fig.  3.  The  Round  1  and  3  Ph2  experiments  are  jux- 

tepositioned  in  Fig.  4  to  show  the  extent  of  COF  repeatability  in  light  of  the  differences 
in  scar  sire:  those  in  Round  1  were  somewhat  larger  than  during  Round  3.  Although  the 
stepfunction-with-re(de)construction  trough  COF  signatures  previously  also  observed  with 
PCD  in  vacuum  and  Ph2  (Fig.  2)  manifest  themselves  with  Si  as  well,  there  are  some 
important  modifications  to  the  curve  shapes: 

a.  There  is  a  remarkable  and  repeatable  reduction  in  the  COFgj  in  Ph2  at  the  estimated 
surface  temperatures  of  250*C  to  450'C.  The  relatively  high  starting  RT  COF  (as 
high  as  0.45)  is  reduced  there  to  near  0.1,  as  low  as  0.02.  This  low  friction  region 
occurs  just  below  the  temperature  of  drastic  COF  increase  attributed  mainly  to  the 
removal  of  surface  hydrogen  by  thermal  desorption.  The  same  type  of  COF  reduc¬ 
tion  below  the  thermal  desorption  temperature  of  hydrides  was  observed  with  PCD 
in  PH2.  but  not  in  vacuum  [4].  Apart  from  this  beneficial  region,  the  COFgi  at  all 
other  temperatures  are  generally  higher  in  Ph2  than  in  vacuum. 

b.  There  was  some  reduction  in  COFsi  on  cooling  in  vacuum,  but  the  final  values  are 
not  as  low  as  those  at  the  onset  at  RT.  This  was  attributed  to  the  considerable  inc¬ 
rease  in  both  Agpp  and  Aj-  due  to  the  high  ‘If' of  Si  producing  larger  wear  scars  (see 
the  low  average  Hertzian  stresses  associated  with  each  test,  given  in  brackets  within 
the  respective  COF  curves).  In  contrast,  the  final  COF  values  in  Ph2  came  down 

only  in  the  case  of  poly-Si  (Round  1).  For  all  other  tests,  the  final  RT  COF  in 
PH2  was  significantly  higher  than  in  vacuum,  in  spite  of  the  smaller  scars  (i.e., 
smaller  Aapp  or  Af)  producing  larger  Hertzian  stresses. 

c.  The  true  si^ace  temperature  of  the  flat  is  heavily  influenced  by  the  thermal  conduc¬ 
tivity  of  the  test  atmosphere  [60].  Considering  the  ~200*C  AT  between  the  heater 
thermocouple  and  the  estimated  surface  temperature  of  the  flat  in  vacuum,  but  only  a 
-100  C  AT  in  0.2  Torr  H2  [4,60],  the  presence  of  Pn2  increases  the  approximate 
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hydrogen  desorption  temperatures  of  Si  from  about  300*  to  400*C  in  vacuum  to 
400*  to  500*C  in  Ph2-  This  phenomenon  was  observed  with  PCD  as  well  [4]. 

d  The  thermal  range  of  the  re(de)construction-attributed  troughs  observed  in  vacuum 
shifted  to  higher  values  during  the  Round  1  Si(lll)  Ph2  ^®st  only.  However,  the 

troughs  invariably  shifted  in  the  same  direction  during  all  tests  of  Round  3.  The 
final  COF  remained  characteristically  high  in  Ph2»  reduction  on  cooling. 

The  COF  charts  of  the  Round  4  slow-ramp  experiments  are  presented  in  Fig.  5. 
The  data  reconfirm  the  unusual  thermal-atmospheric  region  where  COF  is  significantly 
reduced,  especially  in  the  case  of  poly-Si.  This  crystallinity  also  yielded  the  lowest  COF 
in  the  beneficial  region  during  both  Rounds  1  and  3.  Die  adsorbate  desoqjtion  tempera¬ 
tures  rank  qualitatively  with  the  strengths  of  the  respective  surface  hydrides-to-Si  bonds: 
SiH2“On-Si(100)<SiH-on-Si(l  1 1),  with  the  polv-Si  desorption  temperature  in-between. 

in  '-IxIO'S  Torr  vac.  in  0.2  Torr  dry  H2 
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Figure  3.  COF  of  the  various  Si  crystallinities  in  vacuum  and  PH2  (Round  1) 
under  standard  thermal  ramping  (Hertzian  stresses  calculated  by  wear  scar  diameters). 
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Figure  4.  Comparison  of  COFsi  During  Round  1  and  2  in  Ph2  under  standard 
thermal  ramping  (Hertzian  stresses  calculated  by  wear  scar  diameters). 

The  low  desorption  temperature  of  the  Si(lOO)  in  Fig.  5  is  the  same  as  that  indicated  by 
the  first  desorption  peak  of  the  Si(lOO)  doublet  in  Fig.  4,  but  does  not  agree  with  the 
Si(l(X))  singlet  temperature  in  Fig,  3. 

Since  these  experiments  were  not  duplicated,  the  origin  and  cause  of  the  particular 
COF  variations  in  Fig.  5,  such  as  the  unusually  repeatable  oscillations  with  Si(lll)  or 
the  appearance  of  multiple  desorption  peaks  are  not  speculated  upon  at  this  time. 
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Figure  5.  COF  of  the  various  Si  crystal¬ 
linities  in  Ph2  under  slow  thermal  ramping 

(Hertzian  stresses  calulated  by  wear  scar  dia¬ 
meters). 
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5.2.  WEAR  RATE  (^)  DATA 

The  ^  of  the  sliding  combinations  Ihermally  namped  to/from  850*C  in  vacuum  and  in 
PH2  (designated  as  TR),  "ground”  at  room  temperature  in  Ph2  (RT)  and  triboratalyti- 
cally  filow-jcamped  (TCSR)  to  hydrogen  desorption  temperatures  are  presented  in  Table  1. 
The  results  indicate  that  during  the  TR  tests,  only  the  Si(lOO)  benefited  from  the  atmo¬ 
sphere  of  rarified  hydrogen.  The  other  two  crystallinities  exhibited  essentially  the  same 
"M^both  in  vacuum  and  Ph2-  In  Ph2»  sliding  at  RT  does  reduce  91^ from  the  TR  level  of 

m^/N-m  by  one  to  two  orders-of-magnitude.  Operating  in  the  Pfj2  TCSR  regime 

yields  the  lowest  friction  and  wear  in  each  case.  The  poor  repeatability  of  the  duplicated 
RT  Si(lOO)  cannot  be  explained  until  (a)  more  tests  are  run,  and  (b)  the  SEM  photo¬ 
micrographs  depicting  the  appearance  of  the  scars  on  the  pins  and  flats  are  examined. 
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Even  in  the  absence  of  these  data,  it  is  known  that  the  precision  and  accuracy  of  the  ^ 
associated  with  the  RT  and  TCSR  experiments  is  low  due  to  the  small  size  of  the  pin  scar 
and  the  error  involved  in  measuring  the  small  scar  diameter  from  SEM  photos. 

Table  1.  The  wear  rate  (W)  of  the  various  silicon  ciystallinities  in  vacuum 
and  Ph2  under  thermally  i:amped  to/from  850*C  (TR),  ipom  temperature  (RT) 
“grinding"  and  tribocatalytically  glow-ramped  (TCSR)  conditions. 


Pin/Flat 

AtmTTest  Type 

Stress  (MPa^ 
Start  End 

Pin  Wear  Rate* 
(m^TN-m) 

No.  of 
cycles 

Vac/TR 

0.8 

0.5 

2.82x10-12 

2000 

dry  PH2/TR 

3.3 

0.8 

6.2x10-13 

2000 

Si(lOO) 

diy  PH2/RT 

430 

3.3 

3x10-14 

2000 

430 

108 

(3x10-12)* 

2000 

diy  PH2/TCSR 

108 

57 

(9x10-12)* 

1625 

Vac/TR 

1.0 

0.8 

9.7x10-13 

2000 

dryPH2/TR 

2.5 

0.9 

1.45x10-12 

2000 

Si(lll) 

dry  PH2/RT 

430 

2.5 

2.9x10-13 

2000 

430 

2.8 

8x10-14 

2000 

dry  PH2/TCSR 

2.8 

2.0 

(2x10-15)* 

4600 

Vac/TR 

0.8 

0.6 

1.62x10-12 

2000 

dryPH2/TR 

132 

1.1 

1.27x10-12 

2000 

poly-Si 

dry  PH2/RT 

430 

132 

1x10-14 

2000 

430 

3.5 

3x10-14 

2000 

* 

dry  PH2/TCSR 

3.5 

2.9 

(9x10-15)* 

2850 

*  values  in  parentheses  are  reported  to  a  larger  number  of  significant  figures  due 
to  the  extremely  small  wear  rates;  precision/accuracy  are  poorer. 


6.  Discussion 

6.1.  DISSOCIATIVE  CHEMISORPTION  OF  MOLECULAR  HYDROGEN  ON  Si 

The  general  thermodynamic  concepts  of  hydrogen  de(re)sorption  of^on  Si  appear  simple 
(Fig.  6),  but  they  are  not.  The  activation  energy  of  the  respective  sorption  paths  vary 
widely  and  the  hypothesized  reactive  hydride  intermediates  interacting  with  the  Si  surface 
during  either  direction  have  not  been  clearly  elucidated  [2,69].  The  desorption  kinetics 
themselves  vary  from  one  cleavage  plane  to  another:  first-oider  kinetics  were  observed  for 
Si(lOO),  but  second  order  for  Si(l  1 1)  [69]. 

Notwithstanding  the  variation  in  activation  energies  and  the  differences  in  the  kinetic 
paths  that  involve  hydride  intermediates,  it  is  easier  to  desorb  the  surface  hydrides  during 
heating  where  sufficient  thermal  energy  is  available  than  to  re(chemi)sorb  molecular  hyd¬ 
rogen  during  cooling.  It  is  empirically  known  that  H2  molecules  have  very  low  sticking 
probability  on  clean  Si(100)-2xl.  Theoretical  calculations  [68]  yielded  a  -46  kcal/mol 
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Figure  6.  Bond  and  activation  energies  of  hydrogen  desorption  and 
adsorption  ofE^on  Si  surfaces  (Ed  =  activation  energy  of  desorption, 

Ea  =  activation  energy  of  adsorption,  Er  =  H-H  bond  energy  and 
Eg  =  Si-H  bond  energy);  after  [68]. 

activation  energy  for  dissociative  adsorption  of  H2  onto  Si(lll),  and  between  15  and  19 
kcal/mol  for  Si(lOO)  [71,72],  In  practice.  Si  surface  bonds  are  capped  with  hydrogen 
mostly  by  HF  rinses  or  using  atomic  H  generated  via  plasmas  or  hot  filaments  [68,70]. 
Instead  of  all  surface  atoms  becoming  fully  hydrogen-capped,  Si(lOO)  flats  reconstruct  to 
(2x1)  upon  baking  in  H2  at  high  (^1 100*C)  temperatures  [73].  Reconstruction  is  main¬ 
tained  even  in  air  and  atmospheric  moisture  for  surprisingly  long  periods  of  time  [73]. 

However,  the  high  stability  of  the  (2x1)  structure  was  not  always  observed  [74], 
especially  not  in  progressively  higher  relative  humidities  [75].  In  ultrahigh  vacuum 
(UHV),  molecular  dynamics  simulations  predicted  and  experiments  showed  that  Si(lOO) 
wafers  pressed  together  statically  (no  sliding)  spontaneously  bonded  covalently  at  RT 
[76].  These  wafers  were  previously  dehydrogenated  in  UHV  and  exhibited  a  (2x1)  recon¬ 
struction  pattern  before  contact.  As  early  as  in  1967,  a  paper  dealing  with  the  passivation 
of  dangling  Si  bond  defects  at  the  Si/Si02  interface  demonstrated  that  baking  in  H2  at 
temperatures  between  1000*  and  1200  *C  negated  the  effects  of  electron  trapping  at  the 
interface  [77].  A  patent  was  granted  along  the  same  lines  in  1979,  teaching  that  passiva¬ 
tion  could  be  achieved  between  650*  and  950*C  already  [78].  Others  have  adapted  this 
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method  of  reducing  the  number  of  charge  carrier  traps  at  the  Si/Si02  interface  [79,80]. 
Annealing  of  Si  solar  cells  in  H2  similarly  improved  device  performance  [81,82].  The 
ability  of  both  atomic  and  molecular  hydrogen  to  passivate  dangling  bonds  at  the  grain 
boundaries  of  poly-Si  was  similarly  evaluated.  The  H2  deactivated  the  free  radicals  during 
elevated  tenaperature  annealing,  but  not  as  effectively  as  H  [82]. 

Epitaxial  growth  studies  of  Si  [83]  also  deal  with  the  dissociative  chemisorption  of 
H2  [83].  Even  Ref.  73,  showing  stable  reconstruction  of  Si  on  hydrogen-annealing  at 
elevated  temperatures,  contains  a  passing  reference  to  some  H2  instability  in  terms  of 
possible  chemisorption:  "...During  the  high  temperature  stage  of  the  H2  anneal  the  small 
steps  on  the  silicon  surface  become  unstable  and  by  fast  surface  diffusion  between  the  step 
edges  larger  flat  terraces  are  formed  so  that  the  step  density  is  minimized.  Simultaneously 
or  during  the  cooling  down  the  surface  reconstructs  to  the  2x1  structure,  hydrogen  is 
dissociatively  absorbed  [sic]  on  this  surface  during  the  cooling  in  the  H2  atmosphere." 
Heating  of  lapping-damaged  Si  surfaces  in  molecular  hydrogen  to  temperatures  as  low  as 
380*C  already  started  passivating  dangling  bonds,  as  attributed  to  either  H2  entering 
strained  Si-Si  bonds  [81],  or  simply  passivating  the  SiaaSi-  dangling  bonds  on  the  sur¬ 
face  [79,80].  Just  plain  heating  Si  to  810'C  in  vacuum  alone  was  shown  to  deplete  Si 
interstitials  from  the  surface  region  and  thus  reduce  dangling-bond-containing  point  defects 
[81]. 

Although  these  data  show  some  ability  on  the  part  of  molecular  hydrogen  to  chemi¬ 
sorb  on  Si,  they  do  not  indicate  unambiguously  whether  thermodynamic  or  kinetic  factors 
control  the  decomposition  of  H2,  especially  in  the  presence  of  the  highly  active  dangling 
bonds  continuously  generated  by  wear. 

As  to  chemically  induced  surface  attrition  (wear),  anneaUng  Si  in  H2  at  high  tempe¬ 
ratures  (a)  removes  aiiy  oxide  that  formed  during  boule  growth,  originating  from  residual 
oxygen  and  moisture  in  the  reactor  [85],  or  (b)  strips  the  thin  native  oxide  that  invariably 
forms  on  Si  in  air  [86].  Further  etching  of  the  bare  Si  by  hydrogen  via  the  generation  of 
volatile  SiH4  or  by  plain  volatilization  of  the  Si  atoms  is  negligibly  small  below 
-lOOO'C,  but  is  observable  above  this  temperature  [86].  This  is  confirmed  by  other  etch¬ 
ing  and  Si  evaporation  data  [87,88],  where  etching  of  the  Si(lOO)  surface  was  predicted  to 
be  nearly  three-times  faster  than  that  of  Si(l  1 1).  The  intermediate  hydride  products  are 
^p^ntly  more  readily  stabilized  on  the  Si(lOO)  surface  [87].  In  contrast,  surface  crack¬ 
ing  induced  mechanical  wear  of  Si  should  be  higher  in  H2  than  in  vacuum.  Cracks 
fomung  in  the  wake  of  a  high  friction  tribocontact  act  as  important  precursors  to  the  wear 
of  Si  and  PCD  both  in  vacuum  and  Ph2*  These  cracks  propagate  faster  in  Pn2  (3t  least 

in  the  case  of  Si),  because  hydrogen  passivates  the  dangling  bonds  that  would  otherwise 
hold  the  crack  walls  together  [89]. 

6.2.  RECONCILIATION  WITH  THE  SEM  TRIBOMETRIC  DATA 

The  COF  results  are  in  line  with  the  sorption  data  in  the  literature.  The  heating-  and 
sliding-catalyzed  dissociative  chemisorption  of  H2  in  the  thermal  regime  just  before  the 
mass  desorption  of  the  surface  hydrides  appears  to  be  responsible  for  the  lowest  COF 
measured  for  all  Si  crystallinities  in  Ph2.  The  presence  of  hydrogen  also  skewed  the  sur¬ 
face  desorption  Md  the  reconstruction  temperatures  to  values  higher  than  those  observed 
in  vacuum,  in  spite  of  more  effective  heat  transfer  between  the  heater  strip  and  the  flat  in 
PH2-  The  increase  in  the  desorption  temperatures  may  be  explained  by  the  LeChatelier 
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Principle,  a  basic  law  of  chemical  equilibrium  adapted  to  the  present  case:  if  a  reaction 
(here,  the  desorption  of  an  adsorbate)  results  in  a  gas  (H2)  as  a  product,  increasing  the 
partial  pressure  of  this  gas  in  the  reaction  chamber  will  retard  the  reaction  (i.e.,  desorption 
will  occur  at  higher  temperatures).  A  similar  argument  may  also  be  applicable  to  the 
skewed  re(de)construction  troughs  in  1^2-  Gas-phase  reactions  at  the  highest  tempera¬ 
tures  may  have  also  hindered  the  formation  and  eventual  dimerization  of  dangling  bonds. 
The  COF  remained  high  on  cooling  in  PH2t  because  the  chemisorption  energy  hill 

could  not  be  overcome  in  the  absence  of  sufficient  thermal  energy,  the  sliding  induced 
flash  temperatures  and  the  presence  of  wear-generated  dangling  bonds  notwithstanding. 
Therefore,  on  the  first  order,  the  tribocatalytic  activation  in  the  absence  of  external  heating 
should  be  equal  to  or  less  than  46  kcal/mol  on  Si(lll)  and  15  to  19  kcal/mol  on  81(100). 

Yet,  there  was  a  passivating  reaction  with  the  small  amount  of  residual  water  in  the 
moderate  SEM  column  vacuum  during  the  cooling  cycles  (Fig.  3).  This  indicates  that 
dissociated  water  vapor  may  also  be  a  good  atomic  level  lubricant  for  Si,  provided  the 
amount  present  in  the  test  environment  is  below  a  certain  partial  pressure.  The  small 
amount  of  residual  H2O  (on  the  order  of  10'^  Torr)  remaining  in  the  SEM  column  readily 
sorbs  onto  the  rubbed  Si  surface,  in  contrast  with  the  severely  hindered  adsorption  of  the 
<1  ppm  of  H2O  remaining  in  the  99.999%-pure  Ph2-  The  residual  H2O  molecules  in 

PH2  sre  unable  to  compete  eff^tively  with  the  much  larger  number  of  H2  molecules  for 

the  surface.  This  concept  of  competitive  sorption  was  previously  explained  in  [58]. 
Therefore,  the  low  starting  and  final  RT  COF  in  the  SEM  column  vacuum  may  indicate 
some  lubricating  usefulness  of  even  very  small  (--lO"^  Torr)  PH2O  interacting  with  the 
rubbed  Si  surfaces,  provided  that  the  thermal  environment  is  below  the  desorption  tempe¬ 
rature  of  water.  This  hypothesis  is  now  being  tested  for  all  three  Si  crystallinities  by 
introducing  a  small  PH2O  into  the  0.2  Torr  H2  atmosphere  of  the  SEM  tribometer  sub¬ 
chamber  during  standard  thermal  ramping  (TR)  to/from  850*C. 

The  fact  that  only  Si(lOO)  has  benefited  some  from  the  PH2  atmosphere  in  terms  of 

reduced  "M^during  TR  may  be  associated  with  the  lowest  surface  energy  of  a  fiilly  H-termi- 
nated  Si(lOO)  [2,15],  maintained  longer  to  some  extent  by  the  effects  of  the  LeChStelier 
Principle.  With  the  rest  of  the  crystallinities,  any  wear  reduction  under  the  benign  con¬ 
ditions  of  the  tribocatalytic  hydrogen  chemisorption  region  is  probably  counteracted  by 
the  otherwise  generally  high  COF  and  more  extensive  surface  microcracking  in  Ph2-  ^ 
a  combined  result,  the  appeared  to  be  the  same  for  poly-Si  and  Si(lll)  both  in 
vacuum  and  Ph2*  Examination  of  the  photomicrographic  appearance  of  the  worn  pin  and 

flat  scars  as  well  as  the  morphology,  amount  and  distribution  of  the  wear  debris  may  shed 
additional  light  on  the  differences  and/or  similarities  in  the  respective  wear  mechanisms. 


7.  Conclusions 

A  review  of  the  tribometric  techniques  used  for  the  characterization  of  MEMS-MMA 
bearing  materials  (mainly  Si)  indicates  that  at  interfaces  where  the  proper  degree  of 
adhesion  ("stiction”  or  repulsion)  of  essentially  statically  contacting  surfaces  is  the  critical 
value  for  MEMS  operation,  AFM/FEM  is  useful.  Even  MT  might  be  made  acceptable, 
if  the  specimen  materials  were  changed  firom  mica  to  more  realistic  candidates.  However, 
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where  the  performance  of  the  sliding-rolling  interfaces  is  controlled  by  adhesion,  firiction 
and  wear,  more  appropriate  test  machines  are  needed. 

A  summary  of  recent  SEM  tiibometric  experiments  more  suitable  to  the  task  is  also 
given  to  show  that  high  fnction  and  wear  are  caused  by  a  variety  of  factors  related  to  the 
surface  chemistry  and  low  cohesive  energy  density  of  poly-Si,  Si(lOO)  and  Si(lll). 
Compared  to  PCD  films,  Si  does  not  perform  nearly  as  well  as  a  MEMS  bearing 
material.  This  major  difference  in  behavior  has  been  ascribed  not  just  to  the  large 
difference  in  cohesive  energy  density,  but  also  to  the  way  Si  and  diamond  interact  with  the 
environment.  The  respective  W  are  controlled  by  shear-induced  surface  cracking 
superimposed  by  the  adhesive  interaction  caused  by  the  incipient  linkage  of  dangling 
bonds  between  the  sliding  counterfaces.  These  bonds  are  generated  by  heating  in  vacuum 
or  in  Ph2  above  the  desorption  temperature  of  the  surface  adsorbates  and  by  wear.  The 

validity  of  this  hypothesis  will  be  further  scrutinized  by  the  photographic  examination  of 
the  PH2*wom  scars. 

The  magnitude  of  the  COF  is  material-specific,  generally  defined  by  the  number  and 
distribution  of  dangling  (high  friction),  reconstructed  (reduced  friction)  or  adsorbate- 
passivated  (low  friction)  surface  bonds,  as  a  function  of  temperature  and  the  atmosphere. 
In  Ph2>  the  COF  of  the  various  Si  crystallinities  is  as  high  or  higher  than  in  vacuum  and 

significantly  higher  than  those' of  the  PCD.  However,  there  is  a  remarkably  repeatable 
reduction  in  COFsi  in  a  narrow  temperature  range  just  below  the  thermal  desorption 
temperature  of  hydrogen,  indicating  the  same  type  of  heating-  and  sliding-catalyzed  disso¬ 
ciative  chemisorption  of  H2  previously  observed  with  PCD.  Unlike  PCD,  however,  the 
deconstructed  (dangling)  Si  bonds  do  not  react  with  H2  on  cooling,  leaving  the  final  COF 
at  very  high  values. 

Only  the  Si(lOO)  appears  to  benefit,  to  a  limited  extent,  from  PH2  terms  of  some 
reduction  in  W.  The  other  crystallinities  exhibited  essentially  the  same  Win  vacuum  and 
PH2  on  standard  thermal  ramping  to  850*C  (near  10"  m^/N-m,  10^-times  more  than 

PCD),  although  the  wear  rates  were  reduced  during  RT  testing  by  about  a  factor  of  10  to 
1(K).  The  wear  rates  could  be  further  lowered  by  keeping  COF  the  smallest  by  staying 
within  the  temperature  range  of  the  tribocatalytic  reaction  region.  The  results  indicate 
that  operating  Si  MEMS-MMAs  in  the  right  thermal-atmospheric  environment  may 
lengthen  their  useful  lifetimes  sufficiently  for  a  variety  of  practical  applications,  provided 
the  MEMS  electronics  on  the  same  chip  can  withstand  the  same  temperatures. 
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